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Disease development of wild-type and Rag1 mutant zebrafish was evaluated after
challenge with Snakehead Rhabdovirus (SHRV), a novirhabdovirus. Rag1 mutants lack T
and B lymphocytes and thus lack lymphocyte-based acquired immunity. Wild-type
zebrafish became more disease resistant as they aged (4 months and older) and at an
elevated temperature (28C) but mutants remained sensitive at all ages and temperatures
tested. Quantitative reverse transcription polymerase chain reaction (RT qPCR)
demonstrated that interferon gamma and MxA expression significantly increased in both
types of fish at 2 days post-infection with subsequent dwindling of expression. The high
interferon gamma expression suggests activation of natural killer cells (and/or T
lymphocytes in wild-type fish), and the up-regulation of MxA expression indicated an
activation of type 1 interferon response.
The development of protection in virus exposed fish was evaluated by lethal
challenge at 3 weeks post vaccination. Vaccinated wild-type fish showed significant
protection and while most of the mutant groups showed no protection. One vaccination
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treatment group of the mutants demonstrated a significantly slower mortality and less
overall mortality. The results suggest that lymphocyte based immunity imparts a robust
protective response to SHRV while low-level protection can develop in the absence of
lymphocytes.
A cell mediated cytotoxicity assay was established. Cell lines were developed
from the inbred fish populations and class I MHC U lineage genes were compared. The
mhc1uba and mhc1uca genes were found in the mutant and cells but no class I MHC U
lineage genes were detected in the wild-type fish or cells. These cells were used as targets
in cytotoxicity assays. Kidney-marrow cells of vaccinated mutant or wild-type zebrafish
killed more SHRV infected target cells than did those from non-vaccinated fish with the
wild-type effectors showing higher cytotoxicity.
The lymphocyte component appears responsible for the temperature and age
associated resistance. This helps explain why novirhabdoviruses cause higher losses in
young fish and at low temperatures. Further studies are needed to understand the relative
contribution of the cellular components that play important role in SHRV resistance, but
the establishment of cytotoxicity assays is an important first step in dissecting the cellular
defenses in zebrafish.
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CHAPTER I
INTRODUCTION
Immune system of wild-type and Rag 1 mutant zebrafish
The zebrafish immune system includes the broad innate and adaptive components.
The innate immune system does not require specific antigen to respond in its mechanism.
The system appears immediately or within several hours after the host is exposed to
foreign complements. The immediate innate immunity is considered the component that
provides protection immediately after the host is infected with infectious agent until four
hours later. The early induced innate immunity begins from 4-96 hours after fish exposed
to an infectious agent. The innate immune systems have three barriers to an infection at
early response (Mayer). The first one is an anatomical barrier, which includes three
factors.1) Mechanical factors formed by epithelial surfaces. Foreign agents must to enter
the integumental system to infect. Mucus secreted from goblet cells, can trap pathogens
and the flow of the mucus will shed the pathogens from the body. Proteases and lectins
found in mucus are considered to inhibit or kill bacteria and block attachment
(Quesenberry et al., 2003). Lytic peptides found in hemolymph of arthropods and skin of
many species of vertebrates, can effectively lyse the cell membranes of foreign agents
(Maget-Dana, 1999). Another integumental system is gastrointestinal (GI) tract, which is
able to inactivate and digest many virus and bacteria because of its acidic and enzyme
environment (Buddington & Krogdahl, 2004). 2) Chemical factors include fatty acids in
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sweat, lysozyme and phospholipase in tears, saliva and nasal secretions, defensins in lung
and GI tract. These factors can inhibit the growth of bacteria or have antimicrobial
activity. 3) Biological factors, the toxic substances from skin or GI tract that can prevent
the multiplication of bacteria (Mayer).
The second barrier of the innate immunity is humoral elements found in serum,
which plays an important role in inflammation after pathogenic agents have penetrated
tissues. There are five systems in humoral barrier: 1) the complement system; 2)
coagulation system; 3) lactoferrin and transferrin; 4) interferons; and 5) lysozyme
(Mayer). The complement system has the broadest role in humoral non-specific defense.
The activation of complement releases factors that induce vascular permeability, recruit
phagocytic cells, and produce products that lyse pathogens and coat pathogens to enhance
the ability of phagocytic cells to attack (opsinization). The coagulation system increases
vascular permeability, increases inflammation, enhances phagocytic activity of
phagocytes, and has antibacterial properties. Lactoferrin and transferrin bind iron, an
essential nutrient for bacteria. This inhibits the growth of bacteria. Interferons induce
changes in the host that limit the replication of virus. Lysozymes are enzymes that break
down the cell wall of bacteria and assists in bacterial killing.
The third barrier is cellular elements, which participate in the inflammatory
response. The main cells of this defense are polymorphonuclear cells (PMNs) and
macrophages. PMNs are recruited to the site of infection, the phagocytic activity occurs
and infectious agent is killed intracellularly. Besides, PMNs contribute to the damage of
tissue in inflammation. Macrophages cause phagocytosis, kill bacteria intracellularly and
also extracellularly. Macrophages play a role in repairing damaged tissue and act as
2

antigen-presenting cells in specific immune responses. In addition, natural killer (NK)
cells and Lymphokine activated killer (LAK) cells have important roles in
nonspecifically killing virus infected and tumor cells. Non-specific cytotoxic cells
(NCCs) are the third group of cellular effectors of innate immunity. These cells recognize
and kill variety of cell targets, include tumor cells, virus-transformed cells, and protozoan
parasites. NCCs also induce the secretion of cytokines, which promote inflammatory
responses. Besides, other cells in the system, eosinophils, have function in killing certain
parasites (Mayer).
The adaptive immune system requires specific antigen recognition to respond to
an infection. The system takes several days to mount protective defenses and (hopefully)
eliminate the pathogen from the host. The two major branches of the adaptive immunity
are humoral and cell-mediated immunity. Humoral immunity involves the production of
antibody molecules which react with a specific antigen. This response is mediated by Blymphocytes. Cell-mediated immunity includes the production of cytotoxic Tlymphocytes, activated macrophages, activated NK cells and cytokines to react to
specific antigen. The immunity is primarily mediated by T-lymphocytes but antibodies
assist macrophages and NK cells in antigen specific killing.
NK cells are the third type of lymphocyte beside B cells and T cells. These are
large lymphocytes that circulate in the blood. The effector mechanism of NK cells is
similar to the cytotoxic T lymphocyte. In response to viral infection, type I interferons
(IFNα and IFNβ) induce the proliferation of NK cells and stimulate the cytotoxicity to 20
-100 fold. IFNγ secreted by NK cells combine with IL-12 secreted by macrophages and
form a positive system to react to infected tissue (Parham, 2005).
3

NK cells have two types of receptors, which include activating and inhibitory
receptors that bind to ligands on the surfaces of cells. On the surface of healthy cells,
MHC class I molecules are presented and they contact inhibitory receptors of NK cells.
Meanwhile, activating receptors interact with other ligands. When cells are infected with
a pathogen, the expression of MHC class I molecules might be changed. Activating
receptors on NK cells interact with infected cells and stimulate signals that cause the NK
cells to kill infected cells (Parham, 2005).
The Rag1-/- mutant zebrafish has been used as a model for innate immunology (L.
Petrie-Hanson et al., 2009b). Because the mutant lacks of VDJ recombination, it is unable
to rearrange the immunoglobulin and T-cell receptor genes (Wienholds et al., 2002). In
comparison to wild-type zebrafish, rag1-/- mutant has a significantly reduced lymphocytelike cells, that includes non-specific cytotoxic cells (NCC) and natural killer cells (NK
cells), but they do not have mature T and B cells (L. Petrie-Hanson et al., 2009b).
Recently, rag1-/- zebrafish was reported to have protective secondary immune response to
a bacterial pathogen E. ictaluri (Hohn & Petrie-Hanson, 2012). It leads to the idea that
exposed rag1-/- also has memory in virus infection.
The effects of temperature on the resistance of fish to virus infection
The innate immune system in zebrafish was reported to be very susceptible to low
temperatures. Fish maintained at 15ºC and 28ºC was used to infect with viral
hemorrhagic septicemia virus (VHSV) or to stimulate with polyinosinic-polycytidylic
acid (poly [I: C]). In comparison the expression levels of several antiviral and
inflammatory genes (IL-1β, iNOS, TNF-α, TLR3, IFN-I, IFNγ, IRF3, MDA-5, Mx) after
viral infection were inhibited at 15ºC. However, at 28ºC, significant differences in genes
4

expressed were detected in viral infected larvae, in which Mx gene expression was
increased. In adult infected fish, the level of Mx expression was not substantially
changed. This suggests Mx protein plays an important role in antiviral activity in larvae
(Dios et al., 2010). The treatment of fish with poly [I:C], a synthetic double-stranded
RNA, followed by challenge with live virus induces non-specific antiviral activities
protected of fish from virus infection (Takami et al., 2010). In addition, the expression of
Mx was induced more in larvae compared to adult fish after poly [I: C] stimulation, and
may explain why larvae seem to be more resistant to viral infection when compared to
adult zebrafish (Dios et al., 2010). Mx expression substantially increases in zebrafish 24
hours after injection with poly [I: C]. At 28ºC, a significant response level for Mx gene
was found from 2 days after poly [I: C] stimulation and peaked at day 11. The expression
subsequently subsided during the following days but still elevated through day 28 (Dios
et al., 2010). Poly [I: C] was also used in Japanese flounder Paralichthys olivaceus and
found to induce interferon activity. The fish that were injected with poly [I: C] were
protected from VHS and produced specific antibody against VHSV. IFN activity
appeared 1 day after fish were stimulated with poly [I:C] and lasted for at least 6 days but
the expression decreased (Takami et al., 2010).
There are many reports about effects of temperature on fish immune systems. In
catfish held at low temperature, blood serum chemistry, numbers of lymphocytes, and
neutrophils changed (Bly & Clem, 1991), (Miller & Clem, 1984). When maintained at
10ºC, the low temperature caused a decrease in numbers of lymphocytes in the posterior
kidney of channel catfish, but the number of neutrophils was not changed. This suggested
that phagocytes were more resistant to low temperature than lymphocytes (Ainsworth et
5

al., 1991). In carp, low temperature was reported to directly affect the non-specific
cytotoxic cell activity, which occurred when natural killer cells were activated. The lytic
activity mediated by NCCs is significantly increased by low temperature. These effects
might be due to the effect that low temperature has on the NCCs plasma membrane (Le
Morvan-Rocher et al., 1995). Within 24 hours after the fish were exposed to low
temperature, the phenomenon occurred, with maximum effect after 4 weeks and
alleviation of suppression after 8 weeks (Le Morvan et al., 1996).
Replication of Novirhadovirus in host cells
Viruses replicate through 6 major steps: recognition of the target cell, attachment,
penetration, uncoating, viral genome replication, maturation, and release. To infect a cell,
the virion must first recognize and bind to the susceptible cells. The virion has viral
attachment proteins (VAP) or structures on the surface, which will interact with receptors
(proteins or carbohydrates) on the cell surface. Viruses often penetrate cells by
endocytosis, which is the uptake of receptor-bound molecules. The pH changes in the
endosome cause changes to viral surface proteins that allow it to penetrate the endosome
membrane, releasing the virion into the cytoplasm. Once inside the cytoplasm, the virus
capsid or envelope is removed. The genome of DNA viruses is delivered to the nucleus,
but RNA viruses remain in the cytoplasm. The viral genome replication occurs in
different sites depending on the nucleic acid genome of viruses. Transcription of the
DNA virus genome occurs in nucleus, using host cell polymerases and other enzymes for
viral mRNA synthesis. The smaller the DNA virus, the more dependent the virus is on
the host cell. The transcription of the RNA virus genome occurs in the cytoplasm. The
RNA virus genome must code for RNA-dependent RNA polymerase because the cells
6

cannot replicate RNA. The maturation process uses host cell ribosomes for synthesis of
viral proteins. After the virus genome is packaged, the proteins are folded or activated,
and then capsid viruses are assembled and the acquisition of envelope occurs. Depending
on the type of the genome and the protein sequence of the glycoproteins, the virus will
bud in different sites. Most of RNA viruses bud from plasma membrane, other viruses
bud from Golgi membranes by exocytosis after cell lysis (Murray P.R., 1994).
Zebrafish has been used as a model for fish virus infections, such as Snakehead
Rhabdovirus (SHRV) (Phelan et al., 2005), VHSV (Novoa et al., 2006), hematopoietic
necrosis virus (IHNV), infectious pancreatic necrosis virus (IPNV), and spring viremia of
carp virus (SVCV), nervous necrosis virus (Lu et al., 2008), and each of these infection
models was limited to adult zebrafishes (Sullivan & Kim, 2008). In this study, we used
SHRV as an infectious agent because of its high virulence in fish, especially in warm
water fish. The optimal temperature for virus growth is 28°C, which is also in the range
of temperature for zebrafish (from 25-31°C). The strategy for SHRV infection of the fish
host is the mechanism referred to as “hit and run”. In this mechanism, the virus replicates
quickly in the host cell and results in cell lysis (Hilleman, 2004). In this type of infection
high numbers of virus are produced and the virus spreads quickly through the host and is
rapidly shed before the immune system can eliminate the infection. Diseased fish show
clinical signs as acute hemorrhagic septicemia, darken skin, ascites, and exophthalmia
(Kurath, 2008).
SHRV belong to family Rhabdoviridae, a single- negative strand RNA virus,
which is bullet-shaped and enveloped. SHRV is a member of the genus Novirhabdovirus
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that contain NV (non-virion) gene in the genome between the G and L genes (Schutze et
al., 1995); (Purcell et al., 2012).

Figure 1.1

Novirhabdovirus genome

The NV gene exists only in Novirhabdovirus. It is suggested that the strategies
and mechanisms to infect in the host are different from other genus. For example, the
rhabdovirus vesicular stomatitis virus (VSV) is a virus that belongs to Vesiculovirus
genus. In VSV, the nuclear localization signals (NLSs) in matrix (M) protein inhibit the
transcription factor TFIID and block nuclear transport, in order to avoid the IFN systems
(Ahmed et al., 2003); (Black & Lyles, 1992). The infection of VSV in mice showed that
VSV transported within neurons and may also utilize non-neuronal cellular elements
(Huneycutt et al., 1994). Mice infected with VSV were unable to respond to signals from
suppressor T cells or their soluble factors (Sy et al., 1983). In the case of Rabies virus, the
type species of Lyssavirus genus, the virus inhibits host IFN systems by using
phosphoprotein (P). The NLS in P protein binds STAT1 to DNA, directs the expression
of IFN-stimulated growth ISG products such as promyelocytic leukemia protein PML,
leading to suppression of the IFN systems (Vidy et al., 2007), (Chelbi-Alix et al., 2006).
In the genus Novirhabdovirus, the NV protein is likely important in pathogenicity.
Fish rhabdoviral M and NV proteins have critical roles in immune evasion. The M
protein mediates the host-cell shut off ability in the fish Novirhabdovirus IHNV. The
8

protein also causes changes in host cell morphology consistent with apoptosis, without
the presence of live virus (Chiou et al., 2000). In contrast, the expression of IHNV NV
causes cell rounding in CHSE-214 and delay apoptosis (Ammayappan & Vakharia,
2011). IHNV NV protein supports viral growth in RTG-2 cells and its amino acid
sequence 32EGDL35 plays an important role for the virus to localize into host nucleus. An
infection with deleted EGDL recombinant IHNV in RTG-2 resulted in reduced viral
growth, and the cells remained variable (Choi et al., 2011). NV protein also limits the
host IFN production resulting in a down-regulation of the host immune response. In
RTG-2, the expression levels of IFN1 and Mx1 genes are higher when the cells were
infected with NV-knockout rIHNV comparedto the wild-type rIHNV in RTG-2. The
level of IFN1 activity in cell culture supernatant is also higher in NV-knockout rIHNV
infected cells than in wild-type rIHNV in RTG-2 (Choi et al., 2011). In addition, when
RTG-2 cells were pre-treated with poly [I: C] and then were infected with wild-type
rIHNV, the virus had capability of blocking the expression IFN1 and Mx1 more
effectively than NV-knockout rIHNV (Choi et al., 2011).
In rainbow trout infected with VHSV, NV gene was suggested to have roles in
inducing down-regulation of interferons, Mx genes, apoptosis, some cytokines and other
relevant genes related to immune responses (Chinchilla, 2013). VHSV NV was also
suggested to support the viral growth by inhibiting host IFN systems as same as IHNV
NV. However, VHSV NV does not contain the EGDL motif, so they may use different
NLS to inhibit IFN systems (Choi et al., 2011). Fibronectin on the cell plasma membrane
was reported as the main receptor for fish rhabdovirus on the attachment of VHSV G
protein (Bearzotti et al., 1999). In novirhabdovirus, G protein is the major antigenic
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protein, which strongly enhances innate and adaptive immune response. G protein alone
is necessary and sufficient to stimulate a protective immunity for VHSV, HIRRV
(Lorenzen et al., 1998) (Takano et al., 2004). M protein was reported to enhance host cell
shut- off and stimulate apoptosis (Chiou et al., 2000).
In the case of Snakehead Rhabdovirus, the pathogenicity is the same in the
zebrafish model when infected with NV-knockout mutant virus and wild-type virus. This
suggests that the NV gene of SHRV is not required for pathogenesis in zebrafish. The
virus may suppress host IFN systems by using other proteins, but not NV (Alonso et al.,
2004). The strategies and mechanisms of how snakehead rhabdovirus multiplies in host
cells remain unclear.
Cell-mediated cytotoxicity assays
Flow cytometry methods are useful to analyze NK cell-mediated cytotoxicity
against K652 cells, using fluorescent dyes for labeling target cells such as MitoTracker
Green FM (Hopkinson et al., 2007) or Cell Tracker Orange (CTO) (Kim et al., 2007). A
four-color cytometry-based cytotoxicity assay (FCC) was developed to measure NK cell
cytotoxicity and NK cell phenotype (CD3-CD16+CD56+). The target cells were labeled
with Cell Tracker Orange (CTO), and co-incubated with effector cells, which were
incubated in the presence of fluorescence anti- CD16/CD56/CD3). After that, 7 aminoactinomycin D (7-AAD) was added to measure the dead target cells. The cells was
measured based on light scatter (Kim et al., 2007). Otherwise, CD107a was also used as a
sensitive marker to determine the activity of NK cells. CD107a was highly increased on
the surface of NK cells following stimulation with MHC devoid targets. There was a
correlation between CD107a expression and cytokine secretion (IFNγ, TNFα), also the
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level of NK cell-mediated lysis of target cells (Alter, Malenfant, & Altfeld, 2004). In
addition, NK activity was investigated by CD69 expression. Specific lysis was related to
CD69+ frequency and degranulation activity. The expression of CD69 suggests NK
lymphocyte function, leading to cytotoxic activity (Dons'koi et al., 2011). Recently,
Casein AM (CAM) was reported as the best dye in target cell staining in flow cytometry
to measure NK cell activity against K562 cells (Jang et al., 2012).
A novel membrane receptor, NCC cationic antimicrobial protein-1 (NCAMP-1),
was detected on the membrane of NCCs membrane harvested from anterior kidney of
catfish. The flow cytometric analysis indicated that NCAMP-1 and NCCRP-1 were coexpressed on 76.6% of the NCCs (Connor et al., 2009). In addition, NK-like cytotoxic
cells (NCC) from coelomic cavity (CC) cells of mature zebrafish were 3µm, NCAMP-1+,
NCCRP-1+ and did not express B- and T-cell specific mRNA. The flow cytometry
analysis of the cell population showed that 27.4% were positive for NCCRP-1 and 38.3%
positive for NCAMP-1 (Moss et al., 2009).
The studies using lymphocyte deficient zebrafish infected with an intracellular
bacterial pathogen showed that there is a memory component in the innate immune
system (Hohn & Petrie-Hanson, 2012). Moreover, in mice NK cells have been shown to
establish a memory response against a secondary infection with the same pathogen (Sun
et al., 2011). Similar results are expected if the response of fish to virus infection was
evaluated. The central hypothesis of this study is that the innate immune system may
have a critical role in virus resistance and natural killer cells may possess an acquired
immune response in zebrafish infected with rhabdovirus.
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To test the hypothesis, the project is pursuing the following specific aims:
1. Evaluating the ability of lymphocyte deficient zebrafish to respond to
rhabdovirus infection.
2. Determining how cellular components of the acquired immune system
respond to the pathogen.
I expect to see the differences of the immune system between larval fish and adult
fish after infection with fish virus and how they respond to the virus. This would be
important information to develop vaccines that may help fish at young ages to resist virus
infection.
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CHAPTER II
DIFFERENTIAL MORTALITY OF WILD-TYPE AND T AND B LYMPHOCYTE
DEFICIENT ZEBRAFISH INFECTED WITH A NOVIRHABDOVIRUS
SUGGEST THAT LYMPHOCYTES MEDIATE AGE AND
TEMPERATURE ASSOCIATED RESISTANCE.
Abstract
In order to study the contribution of innate defenses and lymphocyte based
immunity to protect against a primary viral infection in fish, wild-type and Rag1 mutant
zebrafish (T and B lymphocyte deficient) were infected with a novirhabdovirus,
Snakehead Rhabdovirus (SHRV), by intraperitoneal (IP) injection at different ages and
temperatures. Both strains of fish were highly susceptible to SHRV. Diseased fish
demonstrated exophthalmia, hemorrhaged fin bases and protruding scales. The
susceptibilities of the wild-type decreased as the fish aged; 2-month post hatch fish had
significantly more losses than 4 month old and 7 month old fish. Also, temperature had a
significant effect on the susceptibility of the wild-type. The wild-type zebrafish held at
24C had significantly higher mortality than those held at 28 C. In cell culture, SHRV
had similar growth kinetics at 20C, 24C, and 28C suggesting that reduced virus
replication was not a factor in the lower mortality. The age and temperature effects were
not seen with the Rag1 mutants. There was a difference in mortality pattern between the
wild-type and Rag1 mutant. All mortalities in the wild-type occurred between day 3 and
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10 post-infection, whereas the Rag1 mutant fish continued to die for at least one more
week.
To assess differences in the response of NK and T-cells of Rag1 mutant and wildtype zebrafish we evaluated transcript levels of the interferon gamma (IFNγ) gene in the
posterior kidney by quantitative reverse transcriptase PCR (qRT PCR). Expression was
low in un-exposed fish but increased substantially in both strains within at day 2 after
exposure to SHRV. IFNγ over 400-fold and 100-fold in Rag1 mutant at 24C and 28C,
respectively; and over 40-fold and 80-fold in wild-type at 24C and 28C, respectively).
The strong IFNγ response in lymphocyte deficient fish suggests Natural Killer cell
activation. MxA (Myxovirus Resistance gene A) expression also increased in noninfected zebrafish (at day 8) and in SHRV- infected fish (both strains) at day 2 and day 8.
We attempted to evaluate the initial activation of the acquired responses by evaluating of
Blimp-1 and CD40 ligand expression at day 8, and day 1 and day 7 after a second
challenge, but no significant induction was detected at this early time point.
The infection data suggest that innate immunity is important in controlling virus
infection early during the infection, but then the acquired immune system clears the
infection. Furthermore, age and the environmental temperature have a strong effect on
this acquired immune response. These results may help explain the temperature and age
associated resistance observed in other novirhabdovirus diseases in fish.
Introduction
The immune system of fish and the response to infection are known to mature as
juvenile fish age. Temperature also affects the immune system in fish. In bluegill and
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channel catfish, T cells are sensitive to low temperatures, while B cells have tolerance
(Cuchens & Clem, 1977), (Miller & Clem, 1984). Phagocytic activities in teleost are
affected by low temperature (Ainsworth et al., 1991). At 10C, the proportion of large
lymphocytes, granulocytes, and macrophages increase in carp, while small lymphocytes
decrease, compared to the proportion of these cells when fish are maintained at 25C
(Kurata et al., 1995). Higher temperatures increase immunoglobulins and natural
antibody levels in Atlantic cod, but decrease the total serum protein and anti-protease
activity in the fish (Magnadóttir et al., 1999). In hybrid striped bass, the number of
leukocytes, lymphocytes, and monocytes were lower in fish acclimated at 10ºC compared
to fish reared at 18ºC, 24ºC, and 29ºC (Hrubec, 1997).
Recently, the zebrafish has been developed as an important model system for the
immune response (Yoder et al., 2002) and appear to be a powerful vertebrate model in
immunologic research (N. Trede et al., 2004). Recombination activation gene 1-/- mutant
(rag1-/- mutant) zebrafish is lymphocyte deficient. In rag1-/- mutants, lymphocyte
populations have non-cytotoxic cells and natural killer cells, but not functional T and B
cell because there is no T cell receptor and immunoglobulin transcript expression in the
fish (Lora Petrie-Hanson et al., 2009). Rag1-/- mutants challenged with Edwardsiella
ictaluri developed protective immunity, which suggested that natural killer cells have a
critical role in protection (Hohn & Petrie-Hanson, 2012).
Because the acquired immune system is poorly developed in very young fish
(Petrie-Hanson & Ainsworth, 2001b) (Petrie-Hanson & Ainsworth, 1999) (Lam et al.,
2004) and viral infections are especially devastating in very young fish, we wanted to
determine if the lymphoid component of the immune system was responsible for the
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apparent age associated resistance to virus infections. Furthermore, temperature
associated resistance to novirhabdovirus infection in trout have been demonstrated.
Therefore we wanted to determine if temperature associated resistance of fish to
Novirhabdoviruses was lymphocyte mediated. In this study we used SHRV as a model
novirhabdovirus because it is highly infectious to the zebrafish and its optimum
replicative pattern is within the optimum growth range of the zebrafish. Additionally we
evaluated the expression of select genes involved in the response to infection to
determine how the zebrafish was responding to the novirhabdovirus infection.
Materials and methods
Preparation of SHRV stock
SHRV from the American Type Culture Collection (ATCC) was cultured on the
Epithelioma Papulosum Cyprini (EPC) cell line. Virus was produced in EPC cells in
DMEM (Dulbecco’s Modified Eagle’s Medium, Sigma- Aldrich Co., MO) media
supplemented with 10% FCS (Fetal calf serum, Biowest, Nuaille, France), 100 units
Penicillin/ 100 g of Streptomycin (Gibco, Thermo Fisher Scientific Inc, MA), 4mM
Glutamine (Gibco, Thermo Fisher Scientific Inc, MA), at 28C, until 80% of cytopathic
effect (CPE) was observed. Cells with virus were harvested and centrifuged at 200 x g for
5 minutes. The supernatant with virus was aliquoted into cryogenic tubes and stored at 80C until use. A sub-aliquot was titrated on a 96- well cell culture plate containing EPC
cells, evaluated for CPE and the 50% Tissue Culture Infected Dose (TCID50) determined
by using Reed-Muench method (Reed & Muench, 1938). The virus stock was diluted to
the desired concentrations for use.
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Zebrafish stocks and challenges
The zebrafish used in this study were either homozygous wild type or Rag1
mutant Tubingen strain (Wienholds et al., 2002) that had originated from a spawn of
heterozygotes (L. Petrie-Hanson et al., 2009a). All fish were produced and reared in the
Mississippi State University College of Veterinary Medicine Specific Pathogen free fish
hatchery.
All experimental trials were done in 40-liter polypropylene cylindrical flowthrough tanks receiving dechlorinated municipal tap water. Fish were observed daily and
fed to satiation with pellet food (Golden pearls, Artemia International LLC, AZ).
For injection challenges or treatments, fish were anesthetized in 100 mg/L MS222 and
injected with 10µL volume using an insulin syringe. Moribund fish were removed and
euthanatized and counted as mortalities. Challenge tanks were observed and recorded
until fish stopped dying. Moribund fish were sampled to re-isolated SHRV using EPC
cells and brain tissue was streaked on blood agar medium and cultured at room
temperature to rule out bacterial infections as a cause of death.
SHRV re-isolation
The kidneys from moribund fish were sampled to re-isolated SHRV. Kidney was
homogenized by using a biomasher (Cartagen Molecular Systems Inc., WA; Nippi Inc,
Japan). The homogenates were centrifuged at 13000 x g for 30 seconds with Hank’s
Balance Salt Solution 400 units Penicillin/ 200 g of Streptomycin (Gibco, Thermo
Fisher Scientific Inc, MA). The supernatants (10L/ sample) were added into a 96 –well
plate with EPC cells, and incubated at 28C while observing daily for 3 days for CPE.
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Age related challenge experiments
Zebrafish at the ages of 2, 4 and 7 months were used in the experiments. Fish
were kept in 40-liter tanks and supplied with flow-through water. To use in the challenge
experiments, the fish was spawned at the same time and were divided to 15 fish per tank
for every treatment. Wild-type and Rag1 mutant were age-matched in experiments. All
fish were challenged and held at 24C. Fish were intraperitoneal (IP) infected with 10µL
of SHRV at different doses: 100.5, 101.5, 102.5, 103.5, 104.5 TCID50. Control group was
injected with cultured medium.
Temperature related challenges
Age matched 4- month old wild-type and Rag1 mutant were used in this study.
The environmental temperature was acclimated to 24C, 28C  0.5C one week before
challenging. Fish were challenged and observed as described above and held at the
respective acclimation temperature.
One-step growth curves
SHRV was propagated in EPC cells at MOI of 10 in 24- well plates. One hour
after absorption at 4C, the cells were rinsed with 1X PBS three times. One mL of culture
medium was added to each well and incubated at different temperatures: 20C, 24C, and
28C. Samples were taken at the following time points: 0, 4, 8, 12, 24, 36, 48, 72, and 96
h. There were four replicates at each time point. The infected cells and culture fluid were
frozen at -80C and thawed three times. Suspensions were collected in microcentrifuge
tubes. After centrifugation at 500 x g for 3 minutes, the supernatant was used for titration.
Ten–fold serial dilutions of the virus were incubated with EPC cells in 96–well plates at
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28C. The cytopathic effect (CPE) was recorded at day 5, the Reed and Muench method
was then used to calculate TCID50 (Reed & Muench, 1938).
RNA purification
Each fish strain was divided into three groups. Each of the infected group were IP
injected with 100.5 TCID50 SHRV, and the control group was injected with cell cultured
medium. The whole kidney of 5 individual fish in each group was excised at 0, 2, 4, and
8 days post infection (p.i.). Whole individual kidneys were used for RNA extraction. The
samples were stored in tri-reagent and homologized with a Kontes pestle. Homogenized
suspensions were used for RNA extraction (Zymo Research Corp., CA). The samples
were kept at -80C until cDNA synthesis. Using these methods, additional samples of
wild-type zebrafish that had been vaccinated and boosted with SHRV were sampled for
evaluating genes involved in the lymphocyte based acquired immune response. These
fish were vaccinated with 100.5 TCID50 then boosted with102.5 TCID50 of SHRV at day 14
after vaccination. Head kidneys were sampled individually (six replicates) 7 days after
the booster challenge.
cDNA synthesis and qPCR
Two hundred nanograms of total RNA was used to synthesize cDNA using
SuperScript III First Strand Synthesis (Invitrogen, Thermo Fisher Scientific Inc., MA)
following the manufacturer’s manual. Random hexamer primers were used. The cDNA
was stored at -20 C until use. The sequence of primers and probed used in the expression
assays are given in Table 2.1. Of the gene expression evaluated, interferon  (IFN ) and
acidic ribosomal protein (ARP- used as reference gene) primers and probes were
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previously published (Vojtech et al., 2009). SHRV, Myxovirus resistance gene A (MxA)
primers and probe were designed using Beacon designer (Premier Biosoft, CA). Blimp-1
primers and probes were used TaqMan Gene expression assays (AB applied biosystems,
CA). CD40 ligand used from PrimePCR probe assays and SsoAdvanced universal probes
supermix (Biorad, CA), with primePCR template for CD40 ligand. Real-time PCR was
conducted using Stratagene MX 3005P with the following cycles: 1 cycle at 50ºC for 2
min, 1 cycle at 95 ºC for 10 min, 40 cycles at 95 ºC for 15 seconds and 61 ºC for 1 min
(for ARP, IFN, MxA). The programs for Blimp-1 (1 cycle at 50ºC for 2 min, 1 cycle at
95ºC for 10 min, 40 cycles at 95ºC for 15 seconds and 60ºC for 1 min) and CD40 ligand
(1 cycle at 95ºC for 2 min, 40 cycles at 95ºC for 5 seconds and 60ºC for 30 seconds)
according to the manufacturer’s instruction. The levels of gene expression were evaluated
using Pfaffl method for quantitative real-time PCR (Pfaffl, 2001).
Table 2.1
Gene
ARP

qPCR primers and probes

Primers/
Forward
Reverse
Probe
IFN Forward
Reverse
Probe
SHRV Forward
Reverse
Probe
MxA Forward
Reverse
Probe

qPCR primers and probes
Sequence (5’  3’)
CTG CAA AGA TGC CCA GGG A
TTG GAG CCG ACA TTG TCT GC
TTC TGA AAA TCA TCC AAC TGC TGG ATG
CTT TCC AGG CAA GAG TGC AGA
TCA GCT CAA ACA AAG CCT TTC G
ACC GCT ATG GGC GAT CAA GGA AAA CGA
CATCCCTGTCCCGTTGATTCTC
TACCAATGCCCTCTATGCTTTCC
CCTGGCTCCTTGCTGGGTCTCTGGC
GCATCATTAGTTCAGACAGTCG
AAATTATCGATAGTGTCGATACAAG
TGCTGACTGAACGTGTAACTCAACT
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GenBank
NM_131580
NM_212864
NC_000903.1
NM_182942.4

Neutralization assay
One year of age wild-type zebrafish were used to determine whether fish serum
have neutralization activity against SHRV. Six fish were vaccinated with 10L SHRV at
dose of 101.5 TCID50. After 14 days, the fish were boosted with 10L SHRV at dose of
103.5 TCID50. At day 7, fish blood was harvested individually by cutting at the tail and
then collecting by using capillary tube. 5L of serum (the maximum that could be
obtained) in each tube was used for neutralization assay. Also, 5 uninfected fish were
used as control serum. A 5L volume of PBS was added to each serum sample to obtain
the minimum volume for each neutralization test.
Dilutions of 10l diluted sera (5l of sera and 5 l of PBS) were made in 90L of
cell culture medium in a 96 well plate with the first dilution being 1:20 and subsequent
serial dilutions were 2 fold. Then 100 TCID50 of SHRV in 50L culture medium was
added to every well, except for the no-virus control wells. The plate was incubated at
28C in 1 hour. Then 100L of cell suspension containing 1.5 x 105 EPC cells was then
added to each well. The first dilutions were read as 1:40. The plate was incubated at 28C
and CPE was read after 3 days. The plate set up is illustrated in figure 2.1.
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(CDC, 2007).

Figure 2.1

Preparation of the plate for neutralization assay (above) and reading results
after testing (bottom).
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Statistical analysis
Data was analyzed by analysis of covariance (ANCOVA) in SPSS version 22
(IBM corp., NY) to compare regressions of the growth curves of SHRV at different time
points followed by Bonferroni’s test. Quantifications of gene expression were compared
using two-way analysis of variance (ANOVA) followed by Bonferroni’s test. Differences
among groups were considered significant at p < 0.05.
Results
Challenges
Both strains of fish were highly susceptible to SHRV. Diseased fish demonstrated
exophthalmia, hemorrhaged fin bases and protruding scales. The mortality in wild-type
occurred from day 3 to day 10 after injection. In Rag1 mutants, the fish continued to die
for at least one more week. Mortalities were different among strains, age, and
environmental temperature of the fish (Figure 2.2). Most notably the wild-type fish were
sensitive to SHRV at 24°C but were more resistant at 28°C. This difference was not seen
in the Rag1 mutant fish. They actually had higher losses at 28°C than at 24°C.
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Figure 2.2

Survival curves of Rag1 mutant and wild-type after infecting SHRV at
102.5TCID50.

Fish are at the age of 4 months and held at 24C (above) and 28C (below) showing
mortalities stopped in wild-type but continued in Rag1 mutant.
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Age
In comparisons between Rag1 mutant and wild-type at the age of 2 months at
24C  0.5C, the mortalities are similar. Mean of mortality in Rag1 mutant is 76% and
in wild type is 73.4%. The test between the two groups showed no significant different (p
= 0.568) (Figure 2.3). At the age of 4 months, the mortality remained high in Rag1
mutant (66.8%) but mortality was lower in the wild-type fish (7.8%). This difference was
statistically significant (p = 0.012) (Figure 2.4). A similar result was found in 7 month
old fish, there was high mortality in Rag1 mutant (86%), but only 10% died in wild-type
group. The difference is at p = 0.004 between the two groups (Figure 2.5).
In Rag1 mutant zebrafish, age did not affect susceptibility. There was no
interaction between age and dose of SHRV infection (p = 0.295) and no statistic
difference among groups of fish at 2, 4, and 7 months of ages (p = 0.212) (Figure 2.3;
2.4; 2.5). In addition, the pairwise comparisons between 2-month and 4-month, 2-month
and 7-month, 4-month and 7-month groups showed no significant differences (p =1, p =
0.727, p = 0.267, respectively).
In wild-type zebrafish age had a significant effect on SHRV susceptibility (Figure
2.3; 2.4; 2.5). The interaction between age of fish and mortality was significant (p =
0.032). Additionally, the difference in the intercept (age) indicated that the mortalities
were different in challenged fish at different ages (p = 0.009). The pairwise comparisons
showed that among the groups, the mortalities were different between 2-month and 4month and 2-month and 7-month old wild type zebrafish (p < 0.01), but the same in 4month and 7-month old fish (p = 1).
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Figure 2.3

Age-related mortality with increasing total SHRV doses at the ages of 2
month at 24C in Rag1 mutant (blue line) and wild-type (green line).

LD50 Rag1 mutant is 100.9 TCID50, LD50 wild-type is 101.11 TCID50.

Figure 2.4

Age–related mortality with increasing total SHRV doses at the ages of 4
months at 24C in Rag1 mutant (blue line) and in wild-type (green line).

LD50 Rag1 mutant is 100.9 TCID50, LD50 wild-type is greater than 104.5 TCID50.
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Figure 2.5

Age–related mortality with increasing total SHRV doses at the ages of 7
months at 24C in wild-type (blue diamonds, R2 = 0.9) and Rag1 mutant
(red squares, R2 = 0.84).

LD50 Rag1 mutant is 100.3 TCID50, LD50 wild-type is greater than 104.5 TCID50.
Temperature
There was no effect of temperature on the susceptibility of 4- month rag1 mutants
to SHRV infection (Figure 2.6). Means of mortality were 66.8% and 84% at 24C and
28C, respectively. The interaction between temperature and SHRV infection was similar
in rag1 mutants (p = 0.687), so we proceeded to test the intercept values among
regression lines. There was also no difference (p = 0.166) (Figure 2.6). In 4- month old
wild type, the means were 7.8% and 1.2% at 24ºC and 28ºC, respectively (Figure 2.7).
The mortalities were significantly different when fish were held at 24ºC and 28ºC (p =
0.009) after challenging the fish with a series of virus doses. The paired test also showed
the difference in mortalities between the two temperatures (p = 0.005) (Figure 2.7).
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Figure 2.6

Temp-related mortalities in 4- month rag1 mutant at 24ºC (yellow line) and
28ºC (red line).
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Figure 2.7

Temp-related mortalities in 4- month wild-type at 24ºC (yellow line) and
28ºC (red line).
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One-step growth curves
Growth curves over a 96 hour period were used to evaluate the effect of
temperature on SHRV replication (figure 2.8). There was no significant interaction
between time and temperature (p = 0.977).

Figure 2.8

Growth kinetics of SHRV incubated in EPC cells at 20ºC, 24ºC, and 28ºC.

Copy number of SHRV at time points in zebrafish
SHRV copy numbers had peaked by day 2 p.i in both wild-type and Rag1 mutant
zebrafish. The mean SHRV copy number per 200ng of total RNA in day 2, in rag1
mutant was lower than in wild-type (107.80 and 107.98 in Rag1 mutant; 107.94 and 108.29 in
wild-type, at 24C and 28C, respectively). A 3-way ANOVA was used to compare the
genome copies of SHRV in both types of fish after infection. SHRV copy numbers
decreased at day 4 and day 8. At day 8 higher copy numbers of SHRV were seen in the
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Rag1 infected fish suggested a more rapid clearing by the wild-type fish, especially at 28
C (Figure 2.9).

Figure 2.9

Copy number from 10ng total RNA of SHRV in Rag1 mutant and wildtype held at 24C and 28C following 8 days post infection.

Gene expression
To evaluate the activation of defenses, the transcript levels of IFNγ, and MxA
were determined. Moreover, Blimp-1 was used to evaluate the differentiation to plasma
cells and CD40 ligand was detected to evaluate CD4+ T activated cells. The whole kidney
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of 5 individual fish in each group was excised at 0, 2, 4, 8 days after injection with SHRV
and 1, 7 days after another challenge (14 days after vaccination) into the fish. Two-way
ANOVA in SPSS was used to compare the gene expression in the groups.
Interferon gamma
In Rag1 mutants, the highest expression of IFN occurred 2 days pi and then
dramatically decreased in the following days (Figure 2.10). At 24C, IFN expression
was significantly higher than the expression at 28C (over 400-fold at 24C and over
100-fold at 28C). Temperature and time of infection have influence on the level of IFN
expression (p = 0.004 and p < 0.001, respectively). Multiple comparisons showed there is
no different among the other days (p = 1). Also, there is almost no significant difference
of IFN expression in non SHRV-infected zebrafish.
In wild-type, similarly to Rag1 mutants, the expression of IFN was substantially
increased in day 2 p.i. and reduced in the following days. In contrast to the Rag1 mutant,
the gene expression was higher at 28C than at 24C. The change in expression was 40
fold in fish held at 24C compared to 84 fold at 28C. The changes in expression
associated with environment temperature in the wild-type fish were not significantly
different (p = 0.671) (Figure 2.10).
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Figure 2.10

Expression of IFN in SHRV infected Rag1 mutant and wild-type
following 8 days post infection and after the second challenge.

B lymphocyte- induced maturation protein - 1 (Blimp-1)
Blimp-1 is up regulated in plasma cells and may be an indication of the onset of
functional acquired immunity. Therefore we evaluated Blimp-1 expression at 4 and 8
days post infection and 1 and 7 days after challenging to see if expression of this gene
was correlated to the apparent resistance to the virus that occurred in the WT zebrafish at
28C and 24C, respectively.
There is no significant change in expression of Blimp-1 gene in non-infected
Rag1 mutant fish at 24C. At 28C, the means slightly increase at day 4 and day 8 (4.1
and 3.5 fold, respectively) compare to day 0, but these were not significant differences.
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The higher temperature appeared to influence the level of Blimp-1 expression (p =
0.044). In SHRV- infected Rag1 mutant, Blimp-1 expression was fluctuated but the
changes were not significant (p > 0.05).
For wild-type fish, there was no significant change in Blimp-1 gene expression in
non-infected wild-type. In SHRV-infected and challenged fish, level of Blimp-1 is
slightly down- regulated at day 4 (0.4 at 24C and 0.3 at 28C) and increased at day 7
after the challenge however the differences among fish groups were not significant
(Figure 2.11).
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Figure 2.11

The expression of Blimp-1 in non-infected Rag1 mutant and wild-type
(above) and SHRV- infected fish (below) following 8 days post infection
and after the second challenge.
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Figure 2.11 (Continued)

CD40 ligand
The interaction between CD40- CD40 ligand is very crucial in the development of
the lymphocyte based acquired immune response. CD40 ligand indicates activated CD4+
T cells. In this study, we wanted to determine if CD40 ligand expression increased in the
wild-type after SHRV infection at day 1 and day 7 post challenge. The expression of this
gene may indicate the development of adaptive immune response in the fish.
In non- infected Rag1 mutant, the expression of CD40L was highly increased (p <
0.01) at day 8 p.i. (mean_mutant = 14.1 and 7.5 fold at 24C and 28C, respectively). In
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SHRV- infected Rag1 mutant, CD40L significantly expressed at day 8 at 24C (p < 0.05),
in which the means for mutant were 13.7 and 6.2 at 24C and 28C, respectively.
Similarly in non- infected wild-type, CD40L was induced at day 8 at 24C
(mean_WT = 11 and 6.6 fold at 24C and 28C, respectively) (p < 0.01). However,
CD40L was down- regulated after the challenge at day 1 and day 7 (Figure 2.12).
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Figure 2.12

The expression of CD40 ligand in non-infected Rag1 mutant and wildtype
(above) and SHRV- infected fish (below) following 8 days post infection
and after the second challenge.

42

Figure 2.12 (Continued)

MxA
When comparing expression of the MxA gene, in non-infected fish, the
expression of MxA significantly increased in both types of fish at day 8 (mean_mutant =
7.46, mean_WT = 8.49, at 24C; mean_mutant = 8.21, mean_WT = 9.33, at 28C) (p <
0.01). In SHRV- infected fish, the level of MxA expression was significantly elevated at
day 2 p.i (mean_mutant = 11.2, mean_WT = 13.9) at 24C. The levels were lower but
still significant in fish held at 28C (mean = 7.04) and in subsequent days expression
levels dwindled (Figure 2.13).
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Figure 2.13

The expression of MxA ligand in non-infected Rag1 mutant and wild-type
(above) and SHRV- infected fish (below) following 8 days post infection.
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Figure 2.13 (Continued)

Neutralization assay
The serum neutralization tests of blood samples from SHRV- infected wild type
fish show that 3 of the 6 vaccinated fish had neutralizing antibodies to the virus. These
samples neutralized 100 TCID50 SHRV at dilutions of 1:40 to 1:160. In comparison no
neutralization occurred using serum from 5 control (non-exposed) fish.
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Table 2.2

Virus neutralization by serum from vaccinated and non-vaccinated wildtype zebrafish.

Sample
Vaccinated 1
Vaccinated 2
Vaccinated 3
Vaccinated 4
Vaccinated 5
Vaccinated 6

Result
+
+
+
80
160
40

Sample
Control 1
Control 2
Control 3
Control 4
Control 5
Virus
Cell only

Result
+
+
+
+
+
+
-

(+): CPE observed
(-): no CPE
Discussion
Zebrafish have been used as a useful model of bacteria and virus pathogenesis.
Moreover, a recent study reported that Rag1 mutant zebrafish is the animal model
available for investigating T and B cell deficient immunological responses (Hohn &
Petrie-Hanson, 2012). In our study we found that lymphocyte deficient zebrafish had
similar mortality patterns during the first 4 days of infection but at later time points the
surviving wild-type zebrafish recovered while the mutant continued to die. This would be
expected because there is a substantial delay in full expression of the critical components
of acquired immune response upon primary exposure due to the requirement of specific
antigen recognition and expansion of the effector cells. Once in place this system is
efficient in eliminating the infection. Among the wild type challenges, the fish challenged
at two months of age had similar sensitivity to the virus as the Rag1 mutant. This
supports the findings of others that lymphocyte based immunity is weak at early stages of
development. Furthermore, we found that wild-type zebrafish were most sensitive to
SHRV at 24C than at 28C. This reduced temperature sensitivity is common with
Novirhabdovirus based diseases. However, lymphocyte deficient zebrafish did not show a
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difference in sensitivity at different temperatures, and the cell culture production
demonstrate that there is little effect of temperature on viral production in the temperature
range studied. These combined data suggest that the temperature- associated resistance is
a function of the lymphocyte based components of the immune system.
Age was reported to relate to an immune response in hybrid striped bass (Hrubec
et al., 2004). Age effected on the hematological and biochemical parameter in rainbow
trout Oncorhynchus mykiss (Charoo, 2014). Studies on the effect of age in adaptive
immunity in mice reported that the size and dynamics of most B cell subsets increased
with age (Cancro & Smith, 2003).
Temperature has an effect on immune responses in catfish (Ainsworth et al.,
1991). The total number of B and T lymphocyte were reduced in the anterior kidney
when the temperature was acclimated at 10C. The leukocyte profiles were very different
when catfish were maintained at 24C (Dexiang & Ainsworth, 1991). T cells were found
to be more sensitive to low temperature than B cells in bluegill and channel catfish
(Cuchens & Clem, 1977), (Miller & Clem, 1984). In rainbow trout, the antibody response
was delayed at 5C, which indicated that the low temperature influenced the production
of antibodies (Mikkelsen, 2006). It is reported that the protein structure changed when
fish were reared at temperatures different from the temperature for producing antibodies
(Fields, 2001), (Somero, 2004). Proteins and glucides, the components of plasma
membrane in cells, can be affected by environmental temperature (Sharon & Lis, 1989).
The study on carp leukocytes showed that glucides seemed to be sensitive to temperature.
This resulted in modification of the plasma membrane structure and function (Le Morvan
et al., 1998). Low temperatures reduced the lymphoproliferative response of T- cells to
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Concanavalin A, but did not affect the response of B-cells to lipopolysaccharide. The
generation of T helper cells was influenced by low temperature, but had no effect on T
memory or B cells (Miller & Clem, 1984).
The replication strategy of SHRV is the “hit and run” process; whereby the virus
replicates quickly in the host cell and destroys the cells of the host in which they multiply
(Hilleman, 2004). High numbers of virus are produced, and the virus spreads quickly
through the host. The virus is shed rapidly from the host before the acquired immune
system responds to the infection. In our study, because the kinetics are similar when
SHRV is cultured at 20, 24, and 28C in EPC (Figure 2.7), the responses of fish to the
infection would be related to their ages and environmental temperature. The copy number
of viral RNA found in the kidney of infected zebrafish was very high at 28C and 24C in
day 2 p.i., but decrease dramatically in following days. This study gives a better
understanding about the innate and acquired immune responses in zebrafish that clear
SHRV infection. Both strains are sensitive to SHRV. In adult fish, virus-infected wildtype died within 10 days p.i, while Rag1 mutant continued to die for at least one more
week. The LD50 was very low in the challenge experiments in Rag1 mutant (100.9
TCID50). This indicated a response to virus infection in wild type, which did not occur in
lymphocyte deficient zebrafish. The high mortalities in Rag1 mutant at different months
of age showed the lack of mature of T and B cells in lymphocyte deficient fish. The
different mortalities between 4-month and 7-month Rag1 mutant zebrafish may be due to
the fact that the number of natural killer cells increase in older fish. In 2 month wild-type
zebrafish, the immune system is not mature enough, which could explain the high
mortality when fish were injected with SHRV this age. However, wild-type zebrafish
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older than 4 months have a matured immune system to resist the infection. In
temperature–related experiments, the mortalities in Rag1 mutant and wild-type are
different between 24C and 28C suggesting an effect of temperature on T and B cells.
The lower mortality in wild-type zebrafish held at 28C can be explained by the
appropriate temperature for protein production in fish, leading to high protection to the
virus infection.
NK cells are a subset of cytotoxic lymphocytes, which has the ability to recognize
and kill virus -infected cells or transformed host cells. In this research, we are interested
in responding of cellular components to viral pathogens in young fish. Since IFN is
produced by NK-like cells and cytotoxic T lymphocytes, evaluating the level of
expression of this gene can be used to evaluate the activation of these lymphocytes in
fish.
The pattern of IFN expression was in different in Rag1 mutant and wild-type
zebrafish. At two days p.i, IFN expression increased more in Rag1 mutant at 24C than
at 28 C (400 times compare to 100 times) (Figure 2.10). In contrast, the level of IFN
expression was lower in the wild-type at 24C than at 28C (40 times compared to 84
times) (Figure 2.10). That might explain why the mortalities in Rag1 mutant were lower
at 24C (Figure 2.6) and higher at 24C in wild-type (Figure 2.7) in comparison to the
mortalities at 28C. In contrast, IFN was not induced after the secondary challenge in
both types of fish. This would suggest that NK cells are activated in innate immune
responses but not in adaptive immune responses. IFN and TNF secretion play a role in
NK cytolytic function (Wang et al., 2012). IFN and TNF promote conjugate formation
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between target cells (virus –infected cells) and NK cells. Neutralization of IFN and
TNF were reported to critically decrease the lysis of target cells. The cytokines enhance
the cytolysis activity of NK cells. Up-regulation of the IFN gene was observed in both
wild type and T and B cell deficient Rag1 mutant zebrafish. The high expression of IFNγ
in lymphocyte deficient zebrafish suggests NK cells activation. Therefore, we conclude
that innate immunity plays critical role in clearing virus pathogen in the early stages of
infection.
The cytotoxicity of human NK cells increased if they were kept at 37C compared
to those at 4C and 25C (Son et al., 1996). In a viral infection, NK cells have the
important role of releasing antiviral cytokines, such as IFN and TNF (Alter, Malenfant,
Delabre, et al., 2004) (Montoya et al., 2006). Cytokine induction by NK cells influence
both innate and acquired immune responses (Degli-Esposti & Smyth, 2005). Natural
killer cells are classified as innate immune cells, because its recognition receptors do not
undergo gene rearrangement (Bryceson & Long, 2008). However, NK cells were shown
to have an adaptive secondary response in rag-2 deficient Severe Combined
Immunodeficient (SCID) mice (O'Leary et al., 2006) and in B6 mice (J. C. Sun et al.,
2009). Another report on murine NK cells showed the development of memory upon
viral infection in mice. At least some NK cells have the ability to similarly mediate
adaptive immunity activities and they may have potential mechanisms in contributing to
the generation of the recombination activating gene (RAG) of antigenic diversity and
longevity (Paust et al., 2010).
Blimp-1 protein has an important role in plasma cell differentiation (Turner et al.,
1994) (Lin et al., 2000) (Shapiro-Shelef et al., 2003). In combined cd45:Ds Red; blimp1:
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GFP fish, CD45-Blimp1+ cells expressed large amounts of IgM. Based on the CD 45Blimp1+ phenotype, plasma B cells can be visualized and isolated (Page et al., 2013).
Moreover, Blimp-1 (or PRDM1) was found in some non-neoplastic T cells and T –cell
lymphomas (Garcia et al., 2006). The expression of Blimp-1 is necessary and sufficient to
induce the replication of lytic Epstein –Barr Virus (EBV) by activating EBV immediately
early genes, leading to reactivation the virus from latency to lytic replication (Reusch et
al., 2015). Blimp-1 protein is expressed in responses of stress cells (Doody et al., 2006).
The infection of dsRNA virus reproduces Blimp-1, suggesting that Blimp-1 is a target of
dsRNA responsive signaling pathway (Gyory et al., 2004). In this experiment, we
expected to see a high level of Blimp-1 expression in SHRV-infected wild-type zebrafish.
However, we did not see the expected increase. Differences in expression could be
caused by changes in transcription as well as cellular trafficking. It may be that the
kidney was not a primary sight of plasma cell development in the zebrafish and a better
tissue might be the spleen. We know that the B-cell response occurred in some fish as
indicated by the development of neutralizing antibodies.
CD40- CD ligand (CD40L or CD154) interaction is very important in the
development of T dependent immune responses (Noelle et al., 1992) (Lane et al., 1992).
CD40L functions as a transducing a signal for T helper- dependent B cell activation
(Noelle et al., 1992). The ligand is expressed on activated CD4 T cells and many other
immune cell types (van Kooten & Banchereau, 2000). T cells- mediated CD40L signaling
in B cells induces humoral immune responses, the development of germinal centers, and
the survival of memory B cells (Gray et al., 1996). Until present, there are not many
reports about CD40- CD40L in fish. CD40- CD40 ligand interactions were found in
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zebrafish and have a role in the regulatory mechanisms of helper T cells in acquired
responses (Gong et al., 2009). In this study, there were unexpected results, in which the
CD40 ligand gene was not expressed in both types of fish, even in the adaptive immune
response. However, similar to Blimp-1, the critical cells (mature Th cells) in this
response may have very low presence in the kidney tissues.
MxA gene expression increased two days in fish after SHRV infection. The fold
change is slightly higher in wild-type than in mutant. MxA is known to have antiviral role
in human and is strictly dependent on the expression of type I and type III interferons (O.
Haller et al., 1980). In Selegalese sole fish, the Mx molecule was detected at highest level
at 48h after infection with sole aquabirnavirus (Fernandez-Trujillo et al., 2008). The Mx
gene was also found increased in virus- stimulated trout (Saint-Jean & Perez-Prieto,
2007). This possibility explains our results in which MxA was induced after virus
infection and functions to help clear the virus. It is interesting that the level of MxA
seems to be correlated with the level of virus decreasing in the wild type fish as they clear
the virus infection.
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CHAPTER III
PROTECTION OF WILD TYPE AND RAG 1-/- ZEBRAFISH TO SNAKEHEAD
RHABDOVIRUS INFECTION
Abstract
A Novirhabdovirus (Snakehead Rhabdovirus-SHRV) was used to evaluate the
ability of Rag1 mutant and wild-type zebrafish to develop protective immunity against
virus infection. To enhance survival on primary exposure, the fish were stimulated with
difference concentrations of poly (I: C) (50g, 100g, 200g per fish). A vaccination
dose of 100.5 TCID50 SHRV per fish was applied two days after the stimulation and a
challenge with 104.5 TCID50 SHRV was performed at day 21 p.i. Survival was higher in
wild-type zebrafish than in Rag1 mutant in all challenges from the low dose exposure
used as a vaccination, 80% - 100% of the wild type and 66.7% - 93.3% Rag1 mutant
survived. There were larger differences after duration the high dose challenge to evaluate
protection; 76.7% - 86.7% of the wild-type compared to 0% - 30.4% of the Rag1 mutant
survived. When the high concentration of poly (I: C) was used during the primary
exposure, in the wild-type fish there was significant protective immunity to the secondary
challenge. A more modest protection was seen in the Rag1 mutant that were vaccinated
after exposure to 100g poly I:C. The results suggest that lymphocyte based immunity is
critical for mounting robust protective response to SHRV while a small but detectable
protection can develop in the absence of lymphocytes.
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Introduction
The zebrafish is a good model for studying fish immunology (N. S. Trede et al.,
2004). The small size and the availability of genomic sequences, expression inhibitory
tools and specific mutants allow more sophisticated experimental studies in functional
immunology than are possible in many of the more traditional aquaculture species. One
tool that has helped in differentiating the role of cellular components of the immune
response is the Rag1 mutant zebrafish. Like the SCID (Severe Combined
Immunodeficient) and Rag1 and Rag2 mutant mice, which are commonly used for
studying innate and adaptive immune responses in mammals, Rag1 mutant zebrafish lack
mature T and B lymphocytes but have effective macrophages, natural killer cells, and
neutrophils (L. Petrie-Hanson et al., 2009b). Using these Rag 1 mutant zebrafish, Hohn
and Petrie-Hanson demonstrated that a non-lymphocyte component of the immune
system has the capacity of adaptive immunity that can provide protection from
Edwardsiella ictaluri (Hohn & Petrie-Hanson, 2012). Similarly, lymphocyte deficient
mice have been shown to develop protective immunity to murine cytomegalovirus. This
protection was mediated by natural killer (NK) cells. Because the acquired immune
system is poorly developed in very young fish (Lam et al., 2004; Petrie-Hanson &
Ainsworth, 2001a; Petrie-Hanson & Ainsworth, 1999) and viral infections are especially
devastating in very young fish, we wanted to determine if the lymphoid component of the
immune system was associated apparent age associated resistance to virus infections.
Furthermore, we wanted to determine if an acquired protection could develop in
lymphocyte deficient zebrafish as was seen in the E. ictaluri infection model. In this
study we used SHRV as a model novirhabdovirus because it is highly infectious to the
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zebrafish and its optimum replicative pattern is within the optimum growth range of the
zebrafish.
Methods
Preparation of SHRV stock
SHRV from the American Type Culture Collection (ATCC) was cultured on
Epithelioma Papulosum Cyprini (EPC) cell line. Virus was produced in EPC cells in
DMEM (Dulbecco’s Modified Eagle’s Medium, Sigma- Aldrich Co., MO) with 10%
FCS (Fetal calf serum, Biowest, Nuaille, France), 4mM glutamin (Gibco, Thermo Fisher
Scientific Inc, MA), at 28C, until 80% of cytopathic effect (CPE) was observed. Cells
with virus were harvested and centrifuged at 200 x g in 5 minutes. The supernatant with
virus was collected, then aliquoted into cryogenic tubes and stored at -80C until use. A
subaliquot was titrated on a 96- well cell culture plate containing EPC cells, evaluated for
CPE and the 50% Tissue Culture Infected Dose (TCID50) determined by using ReedMuench method (Reed & Muench, 1938). The virus stock can be diluted as desired
concentrations for use.
Zebrafish stocks and challenges
Zebrafish used in this study were either homozygous wild type or Rag1 mutant
Tuebingen strain (Wienholds et al., 2002) that had originated from a spawn of
heterozygotes (L. Petrie-Hanson et al., 2009a). All fish were produced and reared in the
Mississippi State University College of Veterinary Medicine Specific Pathogen free fish
hatchery.
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All experimental trials were done in 40-liter polypropylene cylindrical flowthrough tanks receiving dechlorinated municipal tap water. Fish were observed daily and
fed to satiation with pellet food (Golden pearls, Artemia International LLC, AZ).
For injection challenges or treatments fish were anesthetized in 100 mg/L MS222
and injected with 10µL volume using an insulin syringe. Moribund fish were removed
and euthanatized and counted as a mortality. Mortality was observed and recorded until
fish stopped dying. Moribund fish were sampled to re-isolated SHRV using EPC cells.
SHRV re-isolation
Kidneys from moribund fish were sampled to re-isolated SHRV. Kidney was
homogenized by using a biomasher (Cartagen Molecular Systems Inc., WA; Nippi Inc,
Japan). The homogenates were centrifuged at 13000 x g rpm for 30 seconds with Hank’s
Balance Salt Solution contaning 400 unit Penicillin/ 200 g of Streptomycin (Gibco,
Thermo Fisher Scientific Inc, MA). The supernatants (10L/ sample) were added into a
24 –well plate with EPC cells, incubated at 28C and observing daily for 5 days for CPE.
Vaccination
Both Rag1 mutant and wild-type zebrafish were divided into 3 groups, 20 fish per
each group. Before vaccination, each fish in the different groups were stimulated with
different concentrations of poly IC: 50g, 100g, 200g. A total volume of 10L was
delivered in each injection. Sham injections received 10L of distilled water in the
stimulation trial and 10L culture medium in the SHRV- infected trials. Two days after
being stimulated with poly IC, fish were injected with SHRV at 100.5 TCID50. Twentyone days after the vaccination, fish were challenged with SHRV at 104.5 TCID50.
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Statistical analysis.
One –way ANOVA using SPSS (IBM Corp., NY) version 22.0 for window was
used with Log Rank, Breslow, and Tarone-Ware tests to evaluate if the survivals are
changed by different parameters. Bonferroni’s test was used for multiple pairwise
comparisons with level of significance at p- value  0.05. Cumulative survivors were
performed in Kaplan –Meier curves.
Results
In wild-type zebrafish
Survival after vaccination
In the low dose infection used for vaccination a small number of fish died. They
started dying at day 5 after vaccination and stopped after one week. In fish stimulated
with 200g of poly IC, there was no dead fish. The highest losses were in the group that
were not exposed to poly I:C while no mortalities occurred in the fish exposed to 100g
and 200g poly IC (Table 3.1).
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Table 3.1

Summary of survival rates after vaccination in different wild-type groups.

Case Processing Summary
Censored

poly IC in wild-type 1st
challenge

Total N

N of Events

N

Percent

control

30

6

24

50ug/fish

30

2

28

93.3%

100ug/fish

30

0

30

100.0%

20ug/fish

30

0

30

100.0%

120

8

112

93.3%

Overall

80.0%

Pairwise comparisons (p < 0.05) proved that there were significant differences between
the control group and the group stimulated with 100g and 200g poly IC. Figure 3.1
shows the curves of cumulative survivors after vaccination with SHRV at the dose of
100.5 TCID50 in wild-type.
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Figure 3.1

Cumulative survivors of wild- type after vaccination

Blue line is control fish, which have no poly IC before being exposure to a vaccination.
Green line is fish stimulated with poly IC at 50g/ fish (5mg/ml of poly IC). Yellow line
is fish stimulated with poly IC at 100g/ fish (10mg/ml of poly IC). Purple line: fish
stimulated with poly IC at 200g/ fish (20mg/ml of poly IC).
Survival curves after challenging with SHRV
The fish were challenged with SHRV 21 days after the vaccination. Most of the
mortalities occurred between day 3 and day 10 post- injection. Mortality was highest in
non-vaccinated group and lowest in the group that was stimulated with 200g of poly IC
(20mg/ml) before vaccination (Table 3.2).
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Table 3.2

Summary of survival rates of wild-type after challenging with SHRV.
Case Processing Summary
Censored

poly IC in wild-type 2nd
challenge

Total N

N of Events

N

Percent

50ug/fish-SHRV

28

5

23

82.1%

SHRV second challenge

24

4

20

83.3%

non-vaccine

15

8

7

46.7%

100ug/fish-SHRV

30

7

23

76.7%

30

4

26

86.7%

127

28

99

78.0%

200ug/fish-SHRV
Overall

In paired comparisons, there are differences between the non-vaccinated group
and the fish stimulated with 50g of poly IC before vaccination (p-Log Rank = 0.041)
and also in fish vaccinated only (p-Log Rank = 0.035) (Figure 3.2, left- above). However,
the p-value is very close to the 0.05 level of confidence, and the p-value from the other
tests were greater than 0.05, so there were slight differences between these groups. On
the other hand, the survival was much higher in fish stimulated with 200g of poly IC
(p=0.004). (Figure 3.2, left- bottom).
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Figure 3.2

Survival after challenging with SHRV at 104.5 TCID50 in wild-type

Pair comparison of survival curves in wild-type. Green line in all pictures is the fish that
had not been stimulated with poly IC before vaccination and challenge (non- vaccine
group). Blue line: fish injected with 50g poly IC (5mg/ml), purple: fish injected with
100g poly IC (10mg/ml), yellow: fish injected with 200g poly IC (20mg/ml), grey:
fish survived from non- poly IC injected after the vaccination.
In Rag1 mutant
After vaccination
Fish started dying at day 5 and continued until day 15. There was high mortality
in control group (fish was not stimulated with poly IC before vaccination), in which the
survival was 66.7%. The survival rates were 76.7%, 80.0%, and 93.3% in the groups that
were given poly IC at 50g, 100g, and 200g, respectively. The pairwise comparison
66

showed that there was a significant difference between control fish and fish injected with
200g poly IC (p = 0.016) before virus administration (Table 3.3 and Figure 3.3).
Table 3.3

Summary of survival rates in Rag1 mutant groups after vaccination.
Case Processing Summary
Censored

poly IC in Rag1
mutant

Total N

N of Events

N

Percent

control

15

5

10

66.7%

50ug/fish

30

7

23

76.7%

100ug/fish

30

6

24

80.0%

200ug/fish

30

2

28

93.3%

105

20

85

81.0%

Overall
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Figure 3.3

Cumulative survival of Rag1 mutant after vaccination with SHRV.

Blue line is control fish, which have no poly IC before exposure to a vaccination. Green
line is fish stimulated with poly IC at 50g/ fish (5mg/ml of poly IC). Yellow line is fish
stimulated with poly IC at 100g/ fish (10mg/ml of poly IC). Purple line: fish stimulated
with poly IC at 200g/ fish (20mg/ml of poly IC).
After challenging
A challenge with SHRV at 104.5 TCID50 was performed at day 21 after
vaccination. All groups had high mortality with losses occurring from day 3 through day
20 p.i. The highest survival is in the group injected with 100g poly IC before
vaccination (30.4%) while all fish died in the non-vaccinated and the non-poly IC
stimulated groups (0% survival) (Table 3.4).
68

Table 3.4

Summary of survival rates in Rag1 mutant after challenging with SHRV.
Case Processing Summary
Censored

poly IC in mutant 2nd
challenge

Total N

N of Events

N

Percent

50ug/fish-SHRV

23

20

3

13.0%

SHRV second challenge

12

12

0

0.0%

non-vaccine

15

15

0

0.0%

100ug/fish-SHRV

23

16

7

30.4%

200ug/fish-SHRV

25

24

1

4.0%

Overall

98

87

11

11.2%

The losses in the group that was injected with100 g poly IC before vaccination
was significantly less than the non-vaccinated group. P-value of three tests proved the
difference between this group and the non-vaccine fish (p- Log Rank =0.025; p- Breslow
= 0.054; p- Tarone Ware = 0.037). The Breslow test suggests that the survival curves are
similar at the beginning. However, the Tarone – Ware test and the Log Rank test indicate
that at the middle time course and overall, the survival curves are significantly different.
In the other groups, there was no significant difference compared to the non-vaccinated
group (Figure 3.4).
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Figure 3.4

Cumulative survival in Rag1 mutant after challenging with SHRV.

Paired comparison of survival curves in Rag1 mutant. The green line in all figures
represents the fish that had not been stimulated with poly IC before vaccination and
challenged (non- vaccine group). Blue line: fish injected with 50g poly IC (5mg/ml),
purple: fish injected with 100g poly IC (10mg/ml), yellow: fish injected with 200g
poly IC (20mg/ml), grey: fish survived from non- poly IC injected after the vaccination.
Discussion
In our study survival rates were always higher in the challenged wild-type fish
compared to the challenged Rag1 mutant. The highest survivals after vaccination dosing
were 100% in wild-type while 93.3% in the mutant. After challenging, the highest
survival was 86.7% (in wild-type stimulated with 200g poly IC) (Figure 3.2, left –
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bottom). However, survival was low in Rag1 mutant, with the highest rate at 30.4% (in
mutant fish stimulated with 100g of poly IC) (Figure 3.4, top right). Moreover, the
survival in the non-stimulated wild type group was 83.3% compared to 0% in the same
treatment of Rag1 mutant. These results suggest that the lymphocyte-based acquired
immune system in wild-type zebrafish established strong proactive immunity to SHRV
while the secondary response in Rag1 mutant is weak. Poly IC induces antiviral genes,
resulting in higher survival in groups that had been stimulated with poly IC before fish
were vaccinated and then challenged with SHRV.
The Rag1 mutant zebrafish are lymphocyte deficient. The lymphocyte-like
populations in these fish include non- specific cytotoxic cells and natural killer cells, but
lack T and B cells. Macrophage and monocyte populations are the same as in the wildtype fish (L. Petrie-Hanson et al., 2009b). The development of strong protection in the
wild-type fish was expected, because they have a fully functional acquired immune
system. Moreover, the pretreatment with poly IC enhanced the anti-virus activity in wildtype, especially at 200g per fish, showing the highest protection among other groups. In
contrast, Rag1 mutant has a reduction of T and B cell lymphocytes, results in no
development of adaptive immune responses in the fish. Consequently, Rag1 mutant could
not generate protection against SHRV infection after challenging. Since Rag1 mutant
possess NK cells, the activation of these cells after vaccination played an important role
in the innate immune response, which helped to provide some protection against SHRV
in the primary challenge. The pretreatment with poly IC helped to slow down and lower
the mortalities in comparison to poly IC- untreated fish. The cumulative mortalities after
secondary challenge were not different among the groups of Rag1 mutant zebrafish.
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However, some protection may have occurred in the group that had been pretreated with
100 g of poly I:C and vaccinated. This weak level of protection may be a result of
reported NK based memory or possible training of cells in the innate immune system.
In mammals, SCID and Rag1, Rag2 mutant mice have been used as powerful
models in biomedical research because they lack of mature B and T lymphocytes (G. C.
Bosma et al., 1983; M. J. Bosma & Carroll, 1991; Pearson et al., 2008) (Mombaerts et al.,
1992). However, they possess macrophage and NK cells in the immunity component
(Czitrom et al., 1985) (Lauzon et al., 1986). SCID mutant was reported to resist a number
of infectious pathogens, such as virus (Minagawa et al., 1988) (Dharakul et al., 1990),
bacteria, or protozoans (Nelson et al., 1991). Recently, Rag1 and Rag2 knockout pigs
were cloned and used as a SCID mutant for big animal models (Huang et al., 2014).
Like other models, Rag1 and Rag2 mutant zebrafish were also established and
used as useful tools in fish immunity and in biomedical research. Rag1 mutant lack
mature B and T lymphocytes, but possess macrophages and NK cells, which are
comparable to SCID, Rag1 and Rag2 mutant mice (L. Petrie-Hanson et al., 2009b). There
are no previous studies on the resistance of Rag1 mutant zebrafish to virus infection.
However, recent studies showed that Rag1 mutant has secondary protection to
Edwardsiella ictaluri (Hohn & Petrie-Hanson, 2012).
Poly IC induces IFNs via viral RNA receptor MDA5 and TLR3 (Kato et al.,
2006) (Alexopoulou et al., 2001). In the other hand, imidazoquinoline (i.e. imiquimod or
R848) mimic viral ssRNA and stimulate the expression of IFN through the TLR7
pathway (Hemmi et al., 2002) (Gibson et al., 2002). Fish express type I IFNs and they
play a critical role in limiting virus infection. The type I IFN family of fish have been
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separated into at least four subtypes IFNa, IFNb, IFNc, IFNd (Chang et al., 2009) (B. Sun
et al., 2009). Zebrafish express IFNa, IFNb, IFNd, but not IFNc (Aggad et al., 2009). Of
these, IFNa and IFNc have strong antiviral activity (Aggad et al., 2009). IFNa is mainly
induced via RIG-1/MDA5 pathway, while IFNb and IFNc are mostly induced via the
TLR7 pathway.
IFN  is type II IFN, which is synthesized and mainly secreted by Th1 and NK
cells. IFN can act on many cell types, such as macrophages, T cells, and NK cells, and
activate the JAK/ STAT signal pathway to induce expression of a variety of genes in the
nucleus (Schroder et al., 2004). In rainbow trout, IFN  induced in kidney and spleen of
fish injected with poly IC (Zou et al., 2005). IFN  strongly induces the respiratory burst
activity of macrophages, inducing the synthesis of host antiviral protein, such as 2’, 5’
oligoadenylate synthetase, dsRNA dependent protein kinase PKR, guanylate binding
protein, and adenosine deaminase. This process enhances the microbial killing in the fish
(Schroder et al., 2004). In addition, IFN stimulation increases antigen presentation and
attracts leukocytes to infected sites (Schroder et al., 2004). Poly IC at 200g was reported
to enhance protection of Japanese flounder Paralichthys olivaceus against VHSV (viral
hemorrhagic septicemia virus) (Takami et al., 2010).
Mx proteins are induced by type I IFN and have anti-viral activity. Mx binds
essential viral components and blocks their function. Mx binds to nucleocapsids of
Thotogo virus and block their movement into nucleus (Kochs & Haller, 1999a) (Kochs &
Haller, 1999b). For viruses that replicate in the cytoplasm, MxA directs movement of the
nucleocapsids to locations where they cannot synthesize viral RNA, and then they are
degraded (Kochs & Haller, 1999b) (Otto Haller et al., 2007). MxA cause reducing
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mortality of Atlantic Salmon in the infection with Infectious Salmon Anaemia Virus
(Jensen et al., 2002). The stimulation of cells with poly IC or dsRNA virus enhances the
expression of Mx gene. In larvae zebrafish, at 28C MxA increased over 500- fold at day
11 after fish were treated with poly IC, but this expression stimulation is not as high in
adult fish (over 50- fold) (Dios et al., 2010).
Rag1 mutant can develop a secondary protective response to E. ictaluri, a
facultative intracellular bacterial pathogen (Hohn & Petrie-Hanson, 2012). In our
experiment, Rag1 mutant fish did not show protection to SHRV at the doses used.
However the fish that were stimulated with 100 µg of poly I:C before vaccination had
nominally less mortality and a significantly reduced mortality rate early in the infection.
Thus a limited protection may have occurred. From the study, we suggest that Rag1
mutant can be used as a model for innate immune response in fish to a virus infection.
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CHAPTER IV
CELL-MEDIATED CYTOTOXIC ASSAY
Abstract
Cell mediated cytotoxicity is a critical component of the innate and acquired
immune systems. The cytotoxic cells act by killing infected target cells or cells that are
recognized as non-normal (tumor, virus infected, and transplanted cells). Cytotoxicity
occurs when natural killer (NK) cells recognize “missing self” target cells or cytotoxic T
lymphocytes (CTL) bind to a complex of class I MHC and a non-self encoded protein
fragment (such as a viral peptide). The objective of this study was to develop a
cytotoxicity assay for use in Rag 1 mutant zebrafish and in wild-type zebrafish of the
same strain so that NK and CTL responses could be evaluated. Caudal fin cell lines were
developed from in-bred wild-type and Rag1 mutant zebrafish so that they were MHC
matched with the respective effector cells in cytotoxic assays. The Rag1 mutant cell lines
have been cultured through more than 20 serial passages and wildtype cell lines have
been cultured through more than 40 serial passages. Three class I MHC U lineage genes
(mhc1uba, mhc1uca, mhc1uka) were determined to be expressed in Rag1 mutant
zebrafish and in the cultured cell line from these fish. However, expression of these genes
was not detected in the wild-type zebrafish and its cell lines suggesting that different
MHC-1 alleles are expressed in this strain. The DNA and protein alignments of uba and
uca share high similarities in comparison to reference accession numbers (from 99% to
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100%). The uka gene has lower similarity (88% in DNA and 83% in protein) in
alignment to reference numbers, but very high similarity to uca gene. Initial attempts to
evaluate cell mediated cytotoxicity were based on the use of labeled target cells and
evaluating propidium iodide (PI) uptake by killed cells in flow cytometry. However, this
did not work well because trypsin digestion to release the adherent target cells (so that
they could be loaded into the flow cytometer) resulted uptake of propidium iodide (PI),
causing a confounding background. As an alternative we evaluated the Casein AM
(CAM) release assay. This assay is based on loading target cells with CAM,
subsequently this dye is released from cells upon necrosis and apoptosis in cytotoxicity
assays. However, this assay did not give good results in our system because the released
CAM was absorbed by our effector cells. We then evaluated PI staining of adherent
CAM labelled target cells on the plate using cell imaging. However, the presence of
many dead effector cells gave noisy background, obstructing accurate target cell analysis.
Finally, by using cell counting of fluorescent live cells before and after effector cell
application we were able to demonstrate cell killing. We found the highest cytotoxicity
in target cells that were incubated with vaccinated effector cells (40.5% and 49.8% in
rag1 mutant and wild-type, respectively). The killing of infected cells was nominally
higher than non-infected cells when the effector cells were obtained from vaccinated fish
from both strains but these differences were not statistically significant. The higher
cytotoxicity in vaccinated wild-type fish suggest the presence of memory CTLs, in
addition to the activity due to NK cells seen in the Rag 1 mutant effectors. Yet, enhanced
activity in vaccinated mutants may be an indication of a memory population of NK cells.
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Introduction
Cytotoxicity is a critical line of defense against virus-infected cells and is
mediated by immune effector cells (such as cytotoxic T lymphocyte (CTL) and natural
killer (NK) cells). NK cells are a subset of large granule lymphocytes and are able to kill
tumor cells, virus-infected cells, and transplanted allogenic cells. The lysis caused by NK
cells does not require specific recognition (Kiessling et al., 1975). NK cells can quickly
secrete cytokines and chemokines to induce adaptive immune responses (Fauriat et al.,
2010). Recent studies reported that NK cells might possess memory responses to
contribute to (Aggad et al., 2009) adaptive immunity (Campbell & Hasegawa, 2013).
Abnormal cells exhibit down-regulated the expression of MHC class I (or “missing self”)
and are targeted by NK cells for cytolysis. That does not occur to healthy cells, on which
MHC class I is always expressed (Ljunggren & Kärre, 1990). NK cytolytic activity
occurs by the direct release of perforins and granzymes from granules to target the cell’s
plasma membrane (necrosis) or trigger apoptosis (Krzewski & Coligan, 2012).
Other cytotoxic “killer” cells are cytotoxic T lymphocytes (CTL), which play
important roles in both innate and adaptive immunity. CTL recognize a complex of
antigen and MHC I on the surface of target cells (infected, tumor, or transplanted cells),
and kill the cells by releasing perforin, which forms pores in target cells, causing lysis of
infected cells. CTL also produce cytokines to promote phagocytosis and inflammation,
leading cells to undergo apoptosis and cell death program.
Major Histocompatibility Complex (MHC) class I
The Major Histocompatibility Complex (MHC) is a complex of genes that code
for proteins that are expressed on the surface of cells to present foreign peptides to
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immune cells. MHC class I and II are found in high teleost and fish species. The class I
molecule is present on all nucleated cells in an organism, while class II MHC are only
found on antigen presenting cells including macrophages, dendritic cells, and B
lymphocytes. In adaptive immunity, MHC presents peptide antigens to the T cell, in
which MHC class I presents peptides to CD8+ cytotoxic T cells and MHC class II
presents peptides to CD4+ helper T cells (Horton et al., 2004). MHC class I molecules
play a critical role in the immune response against viral infection. In the mammalian
genome, the MHC locus is one of the most polymorphic regions, and these regions have
high gene density. Because MHC alleles vary in ability to present different peptides these
loci are often evaluated to study the association between MHC and the
susceptablity/resistance to different infectious diseases (Trowsdale & Knight, 2013).
There are classical and non-classical MHC class I molecules. The classical
function of MHC class I is to present peptide antigens to CD8+ T cells to activate an
immune response. The levels of polymorphism in classical MHC class I genes are
extremely high, which are associated with the peptide binding site (Bjorkman et al.,
1987). The non-classical MHC genes are less polymorphic than classical ones and are
often expressed in limited tissues (Shiina et al., 2009).
There are three MHC class I lineages in zebrafish, which includes U, Z, and L.
The U lineage is defined as classical MHC class I gene, while the L lineage seems to
have non-classical function. The Z lineage is not yet classified as classical or nonclassical MHC class I (Hayley Dirscherl et al., 2014). The study on immune matched
hematopoietic transplants in zebrafish demonstrated that the matching of the class I genes
at chromosome 19 MHC locus is the most important for tissue histocompatibility in a
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transplantation assays (J. L. O. de Jong & Zon, 2012). Most of U genes’ lineage in
zebrafish were found on chromosome 19, included at least 10 genes among six divergent
haplotypes (McConnell et al., 2014). Only five of ten zebrafish U genes have been
mapped to the genome: mhc1uda, mhc1uea, mhc1ufa on haplotype A, and mhc1uba,
mhc1uca on haplotype B. The other five genes are not yet mapped on the reference
genome (Brown et al., 2012) (H. Dirscherl et al., 2014) (figure 4.1).

Figure 4.1

Genomic loci of class I MHC U, Z, and L lineages in zebrafish (Brown et
al., 2012) (Hayley Dirscherl et al., 2014)

MHC genes have an important role in allograft recognition (Thorsby, 2009). The
MHC match between donors and recipients is critical to avoid of acute graft rejection.
Zebrafish have become a useful model for studying tissue and hematopoietic
transplantation (J. L. O. de Jong & Zon, 2012).
In this project, we only detected the U genes on wild type and rag1 mutant
zebrafish, and the cell lines developed from the zebrafish have compatible MHC that can
be used in cell-mediated cytotoxic assays.
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Cell mediated cytotoxic assay
Cell-mediated cytotoxicity (CMC) has been found in many species of fish, such
as catfish (Somamoto et al., 2002), ginbuna crucian carp (Nakanishi et al., 2002),
rainbow trout (Utke et al., 2007), tilapia (Faisal, 1989), etc. The innate cytotoxicity
reaction by natural killer cells, or natural killer–like cells, which involves the killing of
allogenic, xenogeneic, and virus-infected target cells (Utke et al., 2007). Similar to
mammals, specific cell-mediated cytotoxicities have an important role in antiviral
responses in fish (Somamoto et al., 2002). In specific cytotoxicity responses, cytotoxic T
lymphocytes (CTLs) require their T cell receptors (TCR) match with the polymorphism
of class I MHC genes of the target cells. Besides, the CTLs need to be stimulated with the
same virus as the peptide will be presented by class I MHC. The report on clonal ginbuna
crucian carp showed that peripheral blood lymphocytes (PBLs) isolated from rainbow
trout during early Viral heamorrhagic Septiceamia Virus (VHSV) infection specifically
killed virus infected MHC class I-matched target cells but did not kill virus infected
xenogeneic MHC class I-mismatched target cells (Utke et al., 2007). The CMC reaction
by NK cells occurs on virus infected MHC class I–mismatched xenogeneic target cells
requiring a secondary infection, suggesting a late antiviral response from NK cells (Utke
et al., 2007).
The radioactive chromidium 51Cr-release method has been used for cytotoxicity
assays and is recognized as the “gold standard” for evaluating NK cell activity (Leh et al.,
1993) (Kane et al., 1996). However, there are many disadvantages in using this method
because of short reagent half-lives, radioactive disposal and handling, and it is time
consuming (Motzer et al., 2003). Cytotoxicity using the flow cytometry based assay is
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comparable with the standard 51Cr release assay (Mhatre et al., 2014) (Kane et al., 1996)
(Leh et al., 1993). The flow cytometry method has been used more frequently in the last
few years. Recently, cell-mediated cytotoxicity assays were performed by high
throughput direct cell counting in microplates using fluorescence-based image cytometry,
which demonstrated more advantages when applied to adherent cells. Fluorescence can
be measured and analyzed directly in the plate without trypsinization using a Celigo
imaging cytometer (L. Chan et al., 2015) or the cytotoxic effect of chemical compounds
on cancer cells can be determined using a Cellometer (L. L. Chan et al., 2011). A realtime cell electronic sensing system (RT-CES) was used to evaluate NK cytotoxicity on
NHI3T3, adherent cells, which demonstrated real-time dynamic killing activity from
early apoptosis to complete lysis (Park et al., 2013).
The casein AM (CAM) release assay has been used for adherent cells and was
reported to be as sensitive as traditional 51Cr assay (Neri et al., 2001) (Somanchi et al.,
2015) (Cholujova et al., 2008) and worked well for staining target cells with a 4 hour
incubation assay (Jang et al., 2012). Cell-mediated cytotoxic assays have been utilized in
fish using 51Cr- based (Jaso-Friedmann et al., 2000) (Stuge et al., 1995) or the casein
AM- based assay (Iwanowicz et al., 2004), in which the release of 51Cr or CAM was
measured to evaluate percent of specific lysis. The higher the amount of 51Cr or CAM
released, the higher the specific lysis occurred. Depending on the fish species, NCC
cytotoxic activity required different times to achieve a high level of cytotoxicity, i.e. 4
hours in catfish but 18 to 24 hours in tilapia, and NCC activity varies in depending on the
tissues (Iwanowicz et al., 2004) (Stuge et al., 1995).
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Recently, Celigo imaging cytometry has been used as a helpful technique for
working with adherent cells. Cells are counted directly in a multi-well plate without
trypsinization. Target cells were stained with CAM and cells were growth in a 96-well
plate at 10,000 cells per well. Effector cells were added at different ratios of Effector:
Target cells. The plate was scanned at different time points and analyzed using Celigo
imaging cytometry, and the percent lysis of target cells was obtained by counting the
stained target cells before and after the effector cells were added (L. Chan et al., 2015).
The technique has been widely used in cell proliferation, cytotoxic assays, apoptosis
assays, drug therapy, and is very useful in cancer therapy research. Recently, a method
using image cytometry to evaluate the cytotoxicity of natural killer cells was reported as a
simple and sensitive method (Somanchi et al., 2015).
There are various fluorescent dyes that have been used to evaluate natural killer
cell activity, among them, four fluorescent dyes, such as CAM, CFSE, DiOC18, and MTG
are very commonly used to discriminate between the labeled target cells and unstained
effector cells. DiOC18 (3,3’ –dioctadecyl-oxacarbocyanine perchlorate) binds the
lipophilic membrane and presents as a green fluorescent membrane stain. DiOC18 is
usually used to differentiate target and effector cells at low E:T ratio (10:1 to 20:1).
DiOC18 is a very stable membrane dye, which allows a long-term co-incubation (24
hours) without leakage to neighboring cells (Hoppner et al., 2002). A recent report found
that DiOC18 is even suitable for target cell recognition at high ratios E:T (up to 100:1)
(Mhatre et al., 2014). However, among the four fluorescent probes (CAM, CFSE,
DiOC18, and MTG), CAM was reported to be most similar to the 51Cr assay. CAM, on the
other hand, is the least leak to other non-labeled effector cells. CAM is non- fluorescent
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and can across through cell membranes. In live cells, CAM is hydrolyzed by intracellular
esterase and resulting in a strong green fluorescence (Figure 4.2). That does not occur in
dead cells because esterase is inactivated in those cells. CAM has been used frequently in
many assays for marking viable cells using flow cytometry method.

Figure 4.2

Schematic diagram of viable cell staining

(http://www.anaspec.com/products/promotions.asp?id=86&col=2&row=2)
The green fluorescence is stable in labeled cells for 4 hours. Upon the cellmediated cytotoxicity by NK cells, a portion of casein could be released from target cell
debris remain in apoptotic bodies (Figure 4.3) (Cholujova et al., 2008). In addition, CAM
is not toxic to cells and was reported to have no effect on the activity of human NK cells
(Cholujova et al., 2008) (Radcliff et al., 1991).
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Figure 4.3

Casein release from target cells upon lysis by NK cells following necrosislike and apoptotic death (Cholujova et al., 2008).

As soon as cytotoxicity occurs between target cells and effector cells, the target
cells undergo apoptosis. To label dead cells, 7-amino actinomycin D (7 AAD) and
propidium iodide (PI) are commonly used. 7AAD is more suitable to combine with PE
(phycoerythrin) and FITC (fluorescein isothiocyanate), but PI is simple, easy, and quick
to use. It takes only 1 minute to stain cells with PI (Jang et al., 2012). Normal cell
membranes are impermeable to PI, but begin to disintegrate when a cell starts dying. That
allows PI to go through the cell membrane and bind with DNA and resulting in a red
nuclear staining pattern.
Cytotoxic assay systems provide a mechanism through which many vaccine
formulations and vaccination techniques can be tested if they are able to stimulate the
activity of cytotoxic T lymphocytes (CTLs), and MHC class I restricted cytotoxicity may
have an important role in immune response of host to viral infection (Dijkstra et al.,
2001). Concanavalin A (ConA) was reported to stimulate T-like lymphocytes (Palacios,
1982). In this study, we try to establish a cytotoxic assay for Rag1 mutant and wild-type
zebrafish to determine if natural killer–like cells and cytotoxic T cells (from head kidney)
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kill analogous infected target cells. ConA was applied at 10g/mL to maintain viability
of effector cells during the assay.
Material and methods
Development of zebrafish fin cell lines
One-year-old wild type and rag1 mutant zebrafish received from MSU hatchery
were used to develop cell lines. Both wild type and Rag1 mutant are inbred fish at the
12th generation (F12). The caudal fin was cut from zebrafish and washed three times in
PBS with 1000 units/ ml penicillin, 1000 g/ ml streptomycin (Gibco, MA). The fin was
bathed in culture medium (1 Ham’s: 1 DMEM with HEPES buffer (Sigma, MO)
supplemented with 20% FCS, 4mM glutamine (Gibco, MA), 55M 2 Mercaptoethanol
(2ME- Gibco), and 1000 units/ ml penicillin, 1000 g/ ml streptomycin) and cut into
small pieces by using sterile scissors. The pieces were transferred to a 25cm2 PrimariaTM
tissue culture flask (Becton Dickinson, NJ) and left overnight to attach to the flask
surface at 28ºC. On the following day, the medium was changed, and fresh medium with
a lower antibiotic concentration (200 units/ ml penicillin, 200 g/ ml streptomycin) was
added. The growth of cells was observed until there were number of cells around a fin
tissue piece. The cells were passaged using 0.05% trypsin–EDTA (Gibco, MA) and the
fin tissues were taken out from the flask.
PCR for zebrafish U genes
RNA purification
RNA extraction and purification was performed using the Zymo kit (Zymo
research, CA). Zebrafish kidney was taken individually and kept in an Eppendorf tube
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containing 500μL Tri- reagent. The kidney tissue was homogenized by using a small blue
pestle. For cell lines, medium in the flask was removed. The Tri reagent was used to
harvest all cells on the surface of the flask. Cell suspensions were transferred to
Eppendorf tubes. The samples were then used to extract and purify RNA following
manufacturer’s instruction. Purified RNA was eluted in 25µL nuclease-free water,
quantitated by NanoDrop, and kept at -80ºC until use.
cDNA preparation
The cDNA was synthesized from each tissue using Superscript III first-strand
synthesis system for RT-PCR (Invitrogen, CA) following the manufacturer’s instructions.
Total RNA was measured by NanoDrop. A 200ng quantity of total RNA from each
sample was used for a reaction to synthesize first strand cDNA. The cDNA was kept at 20ºC until ready for use or was immediately used in qPCR or PCR.
PCR
Ten reference primer sets were used to detect zebrafish class I MHC U lineage
genes, which are uba, uca, uda, uea, ufa, uga, uha, uia, uja, and uka for full length cDNA
(table 4.1) (McConnell et al., 2014). β2-Microglobulin (β2m) was used as an internal
gene. Each 25 µL PCR reaction included 2.5µL of 10X buffer; 2 µL of dNTP; 0.25 µL of
200 nM primer forward and reverse; 0.25 µL Hot Start polymerase; 18.75 µL of
nuclease-free water; 1 µL of cDNA (Takara Bio Inc., Otsu, Japan).
The PCR conditions for the full-length gene is: 1 cycle of 95ºC for 5 min, 40
cycles of 95ºC for 30 s, 60ºC for 1min, 72ºC for 1 min, and 1 cycle of 72ºC for 5 min.
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Table 4.1

TOPO primers specific for full length cDNA in zebrafish class I MHC U
lineage genes (McConnell et al., 2014).

Gene sequencing
Cloning
Clean single DNA bands were cut from 1% agarose gels and transferred
separately to microcentrifuge tubes. The gel bands were cut into small pieces and
QIAquick gel extraction kit (QIA gen, Hilden, Germany) was used to extract DNA
following the kit manual protocol.
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The DNA extractions were cloned using the TOPO TA kit and One shot TOP10
chemically competent E. coli (Invitrogen, CA). Colony PCR using T3 and T7 primers
was used to identify clones containing plasmids with the DNA inserts.Selected clones
were cultured in 5ml LB broth, Miller (Fisher Bioreagent, NJ) with 50g/ml of
Kanamycin (Thermo Fisher Scientific, NJ) for 16 hours. Plasmid purification was done
using the QIAprep spin Miniprep kit (QIA gen, Hilden, Germany) following the
manufacturer’s instructions.
Sequencing
Purified DNAs were sent to Eurofins MWG Operon LLC, Eurofins Genomics
company to be sequenced. Nucleotide editing of full-length sequences was performed
with Sequencher 5.3 software. Multiple sequence alignments of DNA and protein were
performed using Clustal W and adjusted by using MegAlign.
Cytotoxicity assays
Fish for harvesting effector cells
Effector cells were obtained from of one-year-old fish (Rag1 mutant and wildtype). Experimental treatments used on the fish included poly IC treatment and
vaccinations. In the poly IC groups, fish were stimulated with a 10L volume of poly IC
at 20mg/mL (200g per fish) or distilled water (controls) two days before vaccination or
mock vaccination. In the vaccinated groups fish were poly IC treated then IP injected
with SHRV at 101.5 TCID50 two days later. Then they were given a second injection of
104.5 TCID50 14 days after being vaccinated. Non-vaccinated control fish were injected
with cell culture medium at both exposure times. All fish were then sacrificed 7 days later
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and head kidneys were sampled individually. Three groups of each type were treated as
below:
* Control group: distilled water (2 days)  culture medium (14 days)  culture
medium (7 days).
* poly IC control group: poly I:C (2 days)  culture medium (14 days)  culture
medium (7 days).
* Vaccinated group: poly I:C (2 days)  SHRV (14 days)  SHRV (7 days)
Head kidneys were suspended in complete culture media with additional 10µg/ ml
ConA. The tissue was cut into small pieces and gently vortexed to separate cells; then
cells were strained through 40m strainer to get single cells and the number of cells was
counted by using a TC20TM Automated Cell Counter (Bio-rad).
Flow cytometry
The LIVE/DEAD cell-mediated cytotoxic kit with two colors, green and red
(L7010- Invitrogen, CA), was used to evaluate percentages of cytotoxicity in killing
assays. Each well of a 24-well plate was seeded with 5 x 105 WF4 cells (a cell line
developed from wild-type zebrafish) and cultured overnight to produce a confluent
monolayer. These cultures were inoculated with SHRV at MOI of 10 in 1 hour. Virus
suspension was discarded, and the plate was washed one time with PBS and then fresh
culture medium was added to the wells. The plate was incubated at 28C overnight. The
following day, this medium was replaced with fresh culture medium supplemented with
10L DiOC18 per 1 mL medium. The plate was incubated in a dark room for 1 hour and
then washed 3 times with fresh medium. Head kidney cells were applied to the target
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cells at a 50:1 ratio and the plate was incubated at 28C for 24 hours (Figure 4.4).
Medium and unattached cells (effector and dead target cells) were collected in individual
tubes, the well was washed with PBS and then trypsinized to harvest all cells that adhered
to the wells. All washing media, and trypsinized cells were pooled with the previously
collected medium and cells from the respective well. Tubes were centrifuge at 400 x g for
5 minutes and the medium was discarded. Cells were washed with PBS and centrifuged
at 400 x g/5 minutes. PBS was discarded and the cells were resuspended in 0.5% BSA
PBS and 2L of propidium iodide was added to each tube. Cells were then used for flow
cytometry analysis (BD FACSCalibur, BD Biosciences).

Figure 4.4

24-well plate set up for flow cytometry analysis

A1, B1: cell only
A2: live cells stained PI
B2: EtOH treated cells stained PI
A3, B3: non-infected and infected cells stained with DiOC18 and PI
A4 to 6, B4 to 6: mixture of target cells and head kidney cells from different groups.
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Cell imaging
WF4 and RF2, the cell lines developed from fin tissue of wild-type and Rag1
mutant zebrafish, were used to have MHC matched cells in the assay with wild-type and
mutant zebrafish lymphocytes. Ten thousand cells were added in each well of a 96-well
plate and incubated overnight at 28C to get a confluent layer in the wells. Cells were
infected with SHRV at a MOI of 10 for 1 hour at 28C. The cells were then washed with
PBS before the addition of 100L fresh culture medium in to the wells. Cells without
virus infection were also prepared in the same manner at the same time. After 4 hours,
cells were washed once with 1x PBS then stained with 5M CAM (Casein, AM,
Invitrogen, CA) per 1 mL PBS. The plate was incubated in a dark room for 1 hour and
then washed 3 times with fresh culture medium. The plate with stained cells was used
immediately. 100L of the individual kidney cell suspensions was used for individual
wells in the pre-prepared 96-well plate above.
The cells (or target cells) were incubated with fish kidney cells (effector cells) at
ratio E:T equal 5:1, following four treatments (Figure 4.5):


Treatment 1: only cells in well.



Treatment 2: cells and head kidney cells from control group.



Treatment 3: cells and head kidney cells from poly IC control group.



Treatment 4: cells and head kidney cells from vaccinated group.

Before reading, 100L of culture medium with PI (4L of PI per 1mL medium)
was added to each well. The plate was centrifuged at 100g for 2 minutes at 20C to
increase the reaction between effector and target cells.
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The plate was read at time point of 6h using Cytation 5 (Bio Tek Instruments,
Inc., VT). Gen 5+ 2.07 image software was used for the analysis of the cells.

Figure 4.5

Plate of cytotoxic assay for cell imaging.

Cell lysis analysis formula: percent of cytoxicity equals

G + R: cells stained with both green and red colors
G: cells stained with only the green color.
Casein release assay
Neri (Neri et al., 2001) and Iwanowicz’s (Iwanowicz et al., 2004) methods were
followed for the casein release assay.
The assay was performed in the same manner as the imaging method but PI was
not added in the culture medium during the last step. In addition to the original setup in
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the 96- well plate, 6 additional wells were prepared at the same time for maximum
release using lysis buffer (culture medium with 2% Triton- X) (Figure 4.6). There are 5
treatments for the assay:


Treatment 1: only cells in complete culture media (spontaneous release).



Treatment 2: cells and head kidney cells from control group.



Treatment 3: cells and head kidney cells from poly IC control group.



Treatment 4: cells and head kidney cells from vaccinated group.



Treatment 5: only cells in complete culture media with 2% Triton- X (for
maximum release).

After a 12-hour incubation of effector and target cells, the plate was imaged by using
Cytation 5 (Bio Tek Instruments, Inc., VT), and supernatants then were used for
fluorescence measurement. The plate was gently shaken and spun at 400 x g for 2
minutes at 20C. 50L of supernatant from each well was transferred to another blackwalled flat-bottom plate, which was pre-loaded with 50L of 2% Triton X-100 in
complete culture medium to avoid introducing bubbles. The fluorescence intensity was
measured from the bottom with excitation (485 nm) and emission (535 nm) filters using
the Cytation 5 (Bio Tek Instruments, Inc., VT).
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Figure 4.6

96-well plate for casein release assay.

The cytotoxic activity was calculated as:

4.1

Cell counting
From the cell imaging assay, green target cells were counted as live cells. The
percentage of dead cells in the assay was calculated following formula:
% of dead cells = 100 x (live fluorescent cell count at time 0– live fluorescent cell
at 6 hours )/ live fluorescent cell count at time 0.
Parameter for counting cells:
For non-infected WF4 cells: threshold = 6,000 relative fluorescent units (RFU)
and size is greater than 8 µm diameter.
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For infected WF4 cells: threshold = 6,000 RFU; size is greater than 8; and mean
[GPF] is greater than 16,000. The mean [GPF] was used to eliminate non-cells being
marked in the counting.
For non-infected RF2 cells: threshold = 5,000; size is greater than 10; mean
[GPF] is greater than 17,000.
For infected RF2 cells: threshold = 5,000; size is greater than 12; mean [GPF] is
greater than 14,000.
Moreover, the size of cells counted was changed to eliminate small debris from
virus infected cells. Within treatments and cells, the parameters were constant while
counting cells.
Threshold: Threshold refers to the background subtracted intensity that Gen5 uses
to determine separation between objects.
(http://www.biotek.com/resources/articles/analysis-of-nuclear-stained-cells.html)
Mean fluorescence intensity: the fluorescent intensity of each even in average.
(https://www.researchgate.net/post/mean_fluorescence_intensity)
Results
Cell lines
Two Rag1 mutant cell lines (RF1, RF2) and three wild-type cell lines (WF2,
WF4, WF6) were developed from fin tissue. The cells are fibroblast and adherent. At the
time of this writing, the Rag1 mutant cells have been passaged more than 20 times, and
wild-type cells have been passaged more than 40 times. These cells grow well in DMEM
supplemented with 2ME, 20% FCS, and 4mM Glutamine, at 28C. The cells grew to a
density of 1 x 105 cells/cm 2 and 0.4 x 105 cells/cm2, for wild-type and Rag1 mutant cell
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lines, respectively. The cells are sensitive to infection with SHRV, and clearly showed
CPE at day 2 (figure 4.7 and 4.8).

Figure 4.7

RF1 cell line (from Rag 1 mutant zebrafish) and the observation of CPE 2
day post infection with SHRV

Figure 4.8

WF6 cell line (from wild-type zebrafish) and the observation of CPE 2 day
post infection with SHRV
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Zebrafish MHC class I U lineage genes
Cell lines were screened for the expression of the following genes: uba, uca, uda,
uea, ufa, uga, uha, uia, uja, uka using rtPCR. Three genes, uba, uca, uka, were found in
Rag1 mutant zebrafish and the 2 cell lines that were developed from the Rag1 mutant
zebrafish. However, expression of these U lineage genes was not detected in wild-type
zebrafish or wild-type cell lines. The cDNA products of uba, uca, and uka are 1,047 bp,
1,332 bp, and 1,071 bp, respectively. 2- microglobulin (-M) was used as a reference
gene (Figure 4.9).

WT1

WT2

WT3 NEG1 NEG2 NEG3 WF2 WF4 WF6 RF1 RF2

Size
(bp)

UBA

1,047

UCA

1,332

UKA

1,071

β-M
Figure 4.9

Class I MHC U lineage genes in wild-type, Rag1 mutant zebrafish and its
cell lines.

WT1: wild-type zebrafish number 1
WT2: wild-type zebrafish number 2
WT3: wild-type zebrafish number 3
NEG1: Rag1 mutant zebrafish number 1
NEG2: Rag1 mutant zebrafish number 2
NEG3: Rag1 mutant zebrafish number 3

WF2: WF2 cell line
WF4: WF4 cell line
WF6: WF6 cell line
RF1: RF1 cell line
RF2: RF2 cell line
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Sequencing
A similarity comparison was performed based on nucleotide sequences using
MegAlign to align DNA and protein sequences from PCR products and reference
sequences. The corresponding amino acid sequences were deduced from the nucleotide
sequences of the cloned PCR products.
As table 4.2 shows, the uba gene shared 100% similarity of DNA and 100%
protein similarity among Rag1 mutant zebrafish, the cell lines, and the reference gene
(accession number BC074095.1) (Figure 4.10). uca shared 99% similarity of DNA and
99% protein similarity in Rag1 mutant number 1, 2, 3, the cell lines, and the reference
gene (accession number XM 005 159469.2) (Figure 4.11). For uka, all samples have 99%
- 100% similarity in DNA and protein to accession number XM005159469.2, a reference
gene for mhc1uca, but only 88% in DNA and 83% in protein to reference gene (accession
number KC626503.1 – which is mhc1 uka gene) (Figure 4.12).

Table 4.2
Sample

Percent similarity of DNA and protein among Rag1 mutant zebrafish, cell
lines, and reference genes.
Nucleotide
UBA
UCA
UKA
100%
99%
88.43
100%
100%
88.15
100%
99%
88.24
100%
100%
88.52
100%
100%
88.33

NEG1
NEG2
NEG3
RF1
RF2
(1)
Accession
number
(1): BC074095.1
(2): XM005159469.2
(3): KC626503.1

(2)

(3)

Protein
UBA
UCA
UKA
100%
100%
99% 83.52 100%
100%
100% 100% 83.25 100%
100%
100%
99% 83.25 100%
99%
100% 100%
82.7
99%
100%
100% 100% 83.52 100%
(2)
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(1)

(2)

(3)

(2)

Figure 4.10

Alignment of deduced amino acid sequences from the UBA gene cDNA
products compared to BC074095.

X refers to a gap of nucleotide in sequenced product. “.” refers to exact match of amino
acids with the reference sequence (majority sequence).
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Figure 4.11

Alignment of deduced amino acid sequences from the UCA gene cDNA
products compared to XM 005159469.2.

X refers to a gap of nucleotide in sequenced product. “.” refers to exact match of amino
acids with the reference sequence (majority sequence).
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Figure 4.12

Alignment of deduced amino acid sequences from the UKA gene cDNA
products compared to KC626503 and XM 005159469.2.(reference of UCA
gene).

X refers to a gap of nucleotide in sequenced product. “.” refers to exact match of amino
acids with the reference sequence (majority sequence).

104

Cytotoxicity assay
Flow cytometry
When flow cytometry was used to evaluate cell killing, quarter 1 showed live
cells stained with DiOC18, which gives off green fluorescence, quarter 2 showed dead
non-target cells stained with propidium iodine (red fluorescence), quarter 3 displayed
dead target cells that stained both green and red and quarter 4 displayed the for nonstained cells (live effector cells in the assay). When we used Ethanol treatment as a
positive control for identifying dead cells (WF4_EtOH_PI) almost all stained with PI
(97.2%). However, a large percent of the live cells also stained with PI (50.4%).
Similarly, infected and non- infected live cells (WF4_VR_Di_PI and WF4_Di_PI) have a
high percentage of cells stained with PI (27.7% and 43.4%, respectively). The number of
dead target cells, which stained with green and red color, is small (quarter 2) in the mixed
target – effector cells (the cells added were head kidney cells from control (CTR), nonvaccine (pIC- just stimulated with poly IC), and vaccinated fish (Table 4.3). It appears
that the high percentages of PI- stained cells is due to the trypsinization to collect cells,
causing damage to the cell membrane, which allows PI to enter the cells. This led to an
unacceptable background, and the data could not be analyzed (Figure 4.13, 4.14, 4.15).
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Table 4.3

Flow cytometry analysis in the cytotoxic assay

Q1: cells stained with DiOC18 only
Q3: cells stained with PI only

Figure 4.13

Q2: cells stained with DiOC18 and PI
Q4: no stained cells

Cells and dead cells as control
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Figure 4.14

Cytotoxic assay analysis by flow cytometry in non- infected cells.

WF4_Di_PI cells have high percentage in Q2 (43.4%) indicating the number of dead
target cells.
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Figure 4.15

Flow cytometry analysis of WF4 SHRV-infected cells.

WF4_VR_Di_PI cells have a high percentage in Q2 (27.7%) indicating the number of
dead target cells.
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CAM-release assay
The assay gave negative results because spontaneous release was higher than in
test release and maximum release (Table 4.4). That was unexpected. Therefore, the data
could not be analyzed.
Table 4.4

The mean of cytotoxicity in Casein release assay.
4. Group * Treatment

Dependent Variable: Percent
95% Confidence Interval
Group

Treatment

Mean

Mutant_ maximum release

non-infected

-10.508a

2.882

-16.244

-4.773

-3.248a

2.882

-8.984

2.487

non-infected

-24.228a

2.882

-29.964

-18.493

SHRV-infected

-19.413a

2.882

-25.149

-13.678

non-infected

-35.320a

2.882

-41.056

-29.584

SHRV-infected

-31.270a

2.882

-37.006

-25.534

non-infected

-32.898a

2.882

-38.634

-27.163

SHRV-infected

-27.980a

2.882

-33.716

-22.244

non-infected

-3.173a

2.882

-8.909

2.562

SHRV-infected

-8.595a

2.882

-14.331

-2.859

non-infected

-25.072a

2.882

-30.807

-19.336

SHRV-infected

-22.812a

2.882

-28.547

-17.076

non-infected

-29.460a

2.882

-35.196

-23.724

SHRV-infected

-32.710a

2.882

-38.446

-26.974

non-infected

-27.760a

2.882

-33.496

-22.024

SHRV-infected

-34.917a

2.882

-40.652

-29.181

SHRV-infected
Mutant_control

Mutant_poly IC

Mutant_vaccine

WT_maximum release

WT_control

WT_poly IC

WT_vaccine

a. Based on modified population marginal mean.
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Std. Error

Lower Bound

Upper Bound

Cell imaging
Cell imaging was used to analyze cells from different populations. Live cells emit
green color; dead effector cells emit red color, and dead target cells emit both green from
the membrane and red in nuclei (arrows, Figure 4.16).
In cell analysis using Gen 5+ 2.07 image software, each population can be
screened with different fluorescent channels. The number of cells can then be counted.
The green channel counted both live and dead target cells. The dead target cells then were
picked up based on the parameter of mean of Texas (red fluorescence channel for
selecting dead cells), because these cells had higher red fluorescence than live target
cells.
In the cell- mediated cytotoxic assay, cytotoxicity occurred 6 hours after
incubating target and effector cells together. Cells undergoing apoptosis were observed
following different time points (Figure 4.17 to 4.22, arrow is the location of cytotoxic
cells) or became dimed while CAM released in necrosis through time (figures showing
cells at different time points). Unfortunately, effector cells formed an upper layer above
the target cells and the apoptosis of effector cells (small red cells) caused confusing
background in counting dead target cells. That resulted in it being impossible to analyze
the cell populations.
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Figure 4.16

SHRV- infected WF4 6 hours after incubation with virus.

Live target cells stained with CAM emit green color. Dead target cells stained with CAM
and PI, emit green in the cytoplasm and red in the nuclei (arrow).
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Figure 4.17

Target cells before incubation with effector cells.

Target cell stained in green color.
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Figure 4.18

WF4 cells and effector cells after 1 hour incubation

Target cells stained in green color and dead effector stained red color (small red cells). At
1 hour after incubation with effectors, there was no change visible at the time. Arrows are
the sites cells are undergoing cytotoxicity at the 1hour time points.
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Figure 4.19

WF4 and effector cells after 5 hours of incubation.

Target cells under cytotoxicity. Cells had changed shape or cells were starting to dim
(arrow).
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Figure 4.20

WF4 and effector cells 6 hours after incubation.

Target cells underwent cytotoxicity, in which the cellshad formed apoptotic bodies and
hold CAM (lower arrow), or cells undergoing necrosis and releasing CAM (upper arrow).
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Figure 4.21

WF4 and effector cells 8 hours after incubation.

Target cells were lysis. CAM released caused greener on background. The longer time of
incubation, the more effector cells dead showing red small cells in the picture.
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Figure 4.22

WF4 and effector cells 11 hours after incubation.

Target cells were almost lysis, therefore disappeared in the picture.
Cell counting
The highest cytotoxicity was seen in the SHRV-infected cells incubated with
effector cells from vaccinated fish in both Rag1 mutant and wild-type (40.5% and 49.8%,
respectively) (Table 4.5, Figure 4.23); or 18.1% and 18.6% (if the natural cell death- no
effecter cell) were subtracted (Table 4.6, Figure 4.24).
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Table 4.5

Mean of percentage of dead cells incubated with effector cells from Rag1
mutant and wild-type.
4. Group * Treatment

Dependent Variable: Percentage (%)
95% Confidence Interval
Group

Treatment

Mutant_ cell only

non-infected

-1.466a

4.252

-9.941

7.009

SHRV-infected

22.372a

4.252

13.897

30.847

4.692a

4.252

-3.783

13.167

SHRV-infected

27.550a

4.252

19.075

36.025

non-infected

12.570a

4.252

4.095

21.045

a

4.252

22.983

39.933

7.538a

4.252

-.937

16.013

40.518a

4.252

32.043

48.993

4.860a

3.881

-2.877

12.597

SHRV-infected

31.153a

3.881

23.417

38.890

non-infected

21.522a

3.881

13.785

29.258

SHRV-infected

46.797a

3.881

39.060

54.533

non-infected

18.293a

3.881

10.557

26.030

SHRV-infected

41.498a

3.881

33.762

49.235

non-infected

15.585a

3.881

7.848

23.322

SHRV-infected

49.825a

3.881

42.088

57.562

Mutant_control

Mutant_poly IC

non-infected

SHRV-infected
Mutant_vaccine

non-infected
SHRV-infected

WT_cell only

WT_control

WT_poly IC

WT_vaccine

non-infected

Mean

Std. Error

31.458

a. Based on modified population marginal mean.
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Lower Bound

Upper Bound

Table 4.6

The mean of percentage of dead cells in after subtracting the mean natural
loss in the respective target cell-only groups in both Rag1 mutant and wildtype effector cell evaluations.
4. Group * Treatment

Dependent Variable: Delta (%)
95% Confidence Interval
Group

Treatment

Mutant_control

non-infected

6.162a

4.586

-3.033

15.357

SHRV-infected

5.180a

4.586

-4.015

14.375

14.040a

4.586

4.845

23.235

SHRV-infected

9.088a

4.586

-.107

18.283

non-infected

9.008a

4.586

-.187

18.203

18.148a

4.586

8.953

27.343

8.268

25.055

Mutant_poly IC

Mutant_vaccine

non-infected

SHRV-infected
WT_control

Mean

non-infected
16.662a

WT_poly IC

WT_vaccine

a.

Std. Error

4.187

Lower Bound

Upper Bound

SHRV-infected

15.647a

4.187

7.253

24.040

non-infected

13.433a

4.187

5.040

21.827

SHRV-infected

10.348a

4.187

1.955

18.742

non-infected

10.725a

4.187

2.331

19.119

SHRV-infected

18.675a

4.187

10.281

27.069

Based on modified population marginal mean.

In Rag1 mutant, the 2-way ANOVA shows the main effect of group and treatment
on cytotoxicity. This means cytotoxicity is different among the groups (the target cells
were incubated with effector cells from different groups of fish or were not incubated
with head kidney cells) (p = 0.012). Cytotoxicity was also affected depending on if the
target cells were non-infected or SHRV-infected cells (p < 0.001). However, no
significant difference was reported in the correlation between group and treatment (p =
0.399), or the cytotoxicity is not different in the non-infected and SHRV-infected cells
after incubating with effector cells from the experimental fish. Moreover, the paired
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comparison describes the difference of percentages of cell death between the cell- only
groups, which were not incubated with effector cells, and the cells that were incubated
with effector cells from the vaccinated fish (p = 0.016). Therefore vaccination has an
effect on the killing capacity of the effector cells. However the difference between
killing infected cells and non-infected cells was not significant.
Similar to the Rag1 mutant, group and treatment are the factors that separately
affected cytotoxicity in the wild-type (p = 0.001 and p < 0.01) and similar to the mutants,
there was no difference in the cytotoxicity of the correlation between group and treatment
in wild-type cells (p = 0.526). Additionally, in pairwise comparisons, the cytotoxicity in
the cell -only groups (infected and non-infected) were significantly lower than in other
groups, that had effector cells from different groups of fish (p= 0.001, p = 0.026, p =
0.003, in control, non-vaccinated, and vaccinated groups, respectively). However, the
percentage of dead cells was not significantly different among the target cells incubated
with different effector cell groups.
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Figure 4.23

Cytotoxicity in RF2 and WF4 cell lines after incubation with Rag1 mutant
and wildtype head kidney cells.

The first 8 bars are for RF2 and Rag1 mutant fish, the second 8 bars are for WF4 and
wild-type fish. Blue are non-infected cells; green are SHRV infected cells. Asterisk (*)
indicates significant differences.
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Figure 4.24

The cytotoxicity in RF2 and WF4 cell lines after incubation with Rag1
mutant and wildtype head kidney cells (subtracted cell-only groups).

Asterisk (*) indicates significant difference.
Discussion
Three class I MHC U lineage genes, uba, uca, and uka, were detected in Rag1
mutant zebrafish (Tuebingen strain), but no expression of the other seven gene alleles
were detected. The two cell lines that were developed from Rag1 mutant zebrafish also
expressed these three gene alleles and lacked detectable expression of the other seven.
Given the inbreeding of this population and the similar expression it appears that these
cells and fish MHC matched for use in the cytotoxic assay. On the other hand, these
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genes were not found in wild-type zebrafish or in the three cell lines that were established
from the wild-type population. The high similarity (from 99% to 100%) of uba and uca
genes from Rag1 mutant zebrafish and the cell lines to the accession number
demonstrated that the inbred F12 Rag1 mutant Tuebingen strain expresses these two
genes. Alignment of the products designed to amplify the uka cDNA had higher
similarity to the uca cDNA accession number (99% to 100%) than the one for uka cDNA
accession number (88% and 83%). The phylogenic tree shows uca and uka genes are
very close (Dirscherl & Yoder, 2015). It suggests that there may be only two class I MHC
U lineage genes (uba and uca) in the Rag1 mutant.
In comparison to mammals or other vertebrates, histocompatibility genes in
zebrafish are complicated. The class I and class II MHC genes are located on different
chromosomes (Bingulac-Popovic et al., 1997). Recent studies reported that there were
several different class I MHC genes in zebrafish that belong to different lineages
(Sultmann et al., 2000). There are three class I MHC lineages in zebrafish, U, Z, and L, in
which U lineage genes are considered classical MHC class I genes (McConnell et al.,
2014). The haplotype matching of class I U lineage genes located on chromosome 19 is
important in engraftment (J. L. de Jong et al., 2011) (J. L. O. de Jong & Zon, 2012).
These class I MHC U lineage genes are considered candidate classical MHC genes
(McConnell et al., 2014). ,Specifically the uda, uea, ufa genes may be considered as
candidate classical genes (McConnell et al., 2014). In AB strain zebrafish, uba and uja
genes are highly expressed and thus may be added to the list of classical genes. A recent
study reported two new class I MHC U lineage genes, ula and uma, which are mapped on
Chromosome 22 and play a nonclassical role (Dirscherl & Yoder, 2015).
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After developing the MHC matched target cells we planned to use flow cytometry
as a highly efficient and widely recognized method to study cytotoxicity (Zaritskaya et
al., 2010). Unfortunately, RF2 and WF4 zebrafish cell lines are adherent, and we found
that trypsinizing these cells caused changes in the plasma membrane that resulted in PI
uptake and staining, leading to confusing background in the assay.
As an alternative, the casein release assay was evaluated. This assay measures the
casein AM release from the target cells as an indicator of target cell death. In our study,
the spontaneous release was higher than the releases measured in samples with effector
cells. This is unusual. A possible explanation could be because of the uptake of casein by
effector cells (Iwanowicz et al., 2004). If the number of effector cells were reduced by
purifying the lymphocyte like cells from the tissue suspension this confounding factor
could be minimized (Iwanowicz et al., 2004).
We also evaluated the use of cell imaging because adherent cells can be evaluated
in the wells and there is no need to use trypsin and its tendency to compromise the cell
membrane that confounded our flow cytometric assay. This method is based on CAM
labeling target cells and PI uptake. Unfortunately dead effector cells that were on top of a
target cells were identified as dead target cells. The direct cell counting method was used
to overcome problems (L. Chan et al., 2015). In this method, only green fluorescent
target cells were counted. Results showed that the cell-mediated cytotoxicity was not
significantly different when the target cells were incubated with effector cells from head
kidney of fish that had not been vaccinated, for both wild type and Rag1 mutant fish.
However significant killing was detected with effector cells from vaccinated fish. This
suggests that the effectors were activated after vaccination and therefore they killed more
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target cells than in other groups. However, there was no significant difference in
cytotoxicity of target cells among groups of fish. The head kidney cells are a mixture of
cells, in which includes lymphocytes and natural killer cells. If we purified or
concentrated the lymphocytes from these tissues the differential killing abilities of the
different treatments would likely be more pronounced.
Cell-mediated cytotoxicity has been found in several fish species. The Natural
Killer cells enhancing factor (NKEF) gene for NK-cell regulation was reported in
rainbow trout (Mourich et al., 1995), common carp , and channel catfish (Li &
Waldbieser, 2006). Additionally, there are a few studies in which NK-like effector cells
kill virus-infected target cells, as seen with channel catfish (Hogan et al., 1996) and
rainbow trout (Yoshinaga et al., 1994). Cytotoxicity mediated by CTLs has been found in
ginbuna carp (Fischer et al., 1998) (Hasegawa et al., 1998) and rainbow trout (Fischer et
al., 2003). A killing assay study in rainbow trout showed that the fish and the RTG cell
line match a classical MHC class I sequence Onmy-uba (Oncorhynchus mykiss
mhc1uba), and the resulting cytotoxicity occurred through the interaction between T
lymphocytes (CTLs) and virus infected target cells (Utke et al., 2007). The study
described blood lymphocytes from rainbow trout only kill virus infected MHC class Imatched target cells, but they could not kill virus infected target cells which are MHC
class I-mismatched (Utke et al., 2007). In addition, cytotoxic assays demonstrated
increased CTL based killing levels from day 10 to day 16 after primary infection with
VHSV and this time was shortened to day 3 to day 11 after the second infection (Utke et
al., 2007).
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In our study, we also compared the cell mediated cytotoxic ability of head kidney
cell populations from fish that were vaccinated to those of naïve fish and found that, the
cytotoxic ability of posterior kidney cells increased with effector cells from vaccinated
fish to a level that was significantly higher than background (40.5% and 49.8% in Rag1
mutant and wild-type, respectively). The results suggest the activation of lymphocytes in
vaccinated fish of both types. The higher cytotoxicity in wild-type may be explained that
more cellular components in wild-type acted to kill target cells. Nominal values suggest
higher virus specific killing and potential enhancement of killing due to poly IC
administration but due to variability in results these were not statistically significant and
interpretation of this would be purely speculative.
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CHAPTER V
CONCLUSION
We used a lymphocyte deficient mutant and wild type strain of zebrafish to
evaluate the role lymphocytes have in the disease caused by SHRV as a fishnovirhabdovirus disease model. In challenge experiments mortality was similar during
early stages in the disease but after 7 days the mortality in the wild-type fish subsided
while the lymphocyte defieicnt fish continued to die. Age and environmental temperature
affected the disease progression in wild-type fish but not the lymphocyte deficient fish.
The wild-type fish were relatively sensitive to the virus at 24C but were resistant at
28C. This difference was not due to differences in viral replication. In cell culture,
SHRV replication kenetics were similar at 20C, 24C, and 28C. Similarly the virus
loads in the tissues of infected fish were high during early stages of infection, in fact at
day 2 PI, the viral load was higher in fish held at 28C than at 24C. The temperature
associate differential disease pattern seen in the wild type fish suggests temperature
affects the ability of T and B cells in clearing virus infection. In age-related experiments,
mortality was very high in wild-type zebrafish at age of 2 months, but low at fish of 4 and
7 month, but there is no difference in the mortalities of Rag1 mutant at the different ages.
This demonstrated that at a young stage, the immune system in wild-type fish is not
develop enough to protect fish from the pathogen, but at an age older than 4 months, the
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immune system is matured enough to respond strongly. In contrast, the mutants the lack
of mature T and B cells and there is not age associated resistance even though all
physiological components are similar between the two strains.
We looked at select immune relevant gene expression in the infected wild-type
and Rag1 mutant zebrafish. The levels of IFN expression dramatically increased in both
types of fish at day 2 p.i. then it decreases in the following days. IFN is more highly
expressed in Rag1 mutant at 24C than at 28C (over 400-fold at 24C and over 100-fold
at 28 C), but the expression is higher at 28C than at 24C in wild-type (40-fold in fish
held at 24C compared to 84-fold at 28C). That might explain for the lower mortalities
at 24C in Rag1 mutant but higher losses at 28C. The increase of IFN suggests that NK
cells are activated in Rag1 mutants. Therefore, in the early stages of infection, innate
immunity is very important to protect hosts against virus infection. Additionally, MxA,
an antiviral protein, also has high level of expression in both types of fish at day 2 and
day 8 in SHRV-infected fish.
We also evaluated expression of genes encoding Blimp-1 and CD40 ligand.
Expressions of these genes are indicators of activation of the acquired immune response.
Blimp-1 is indicator for plasma cell differentiation from B cells. Increased expression of
CD40 ligand (CD40L) indicates activated CD4 T cells. We evaluated changes in
expression at 7 days post exposure, a time when mortality dwindles in the wild-type, to
see if resistance was associated with lymphocyte activation. We saw no significant
increase in these indicator genes. This may be because the lymphocytes were a minor
component of the cells evaluated (possible spleen tissue would be a better organ to
sample) or it was too early during the response to be detected.
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The protection experiments demonstrated the development of strong protective
immunity in the wild-type zebrafish. Pre-stimulation of both types of the fish with poly
IC significantly helped the fish survive primary infection. Poly-IC treatment at 100g
per fish and vaccination with a low dose of SHRV resulted in lower initial mortality in
protection experiments, suggesting that some component of innate immune system
memory or training may influence virus responses in lymphocyte deficient fish upon
secondary exposure.
In-order to evaluate the NK and CTL responses to virus infected cells we wanted
to establish cell lines that were MHC matched to our fish strains. We developed two
Rag1 mutant and three wild-type zebrafish cell lines from fin tissue, which have been
growing well and is presently at passage 30. The number of cells can reach to 105
cells/mL in flask culture and are sensitive to SHRV. CPE was observed from day 2.
Using primer sets for full length cDNA, class I MHC U lineage genes have been found in
Rag1 mutant zebrafish and the Rag 1 mutant cell lines; uba, and uca. However, there is
no gene expressed in wild-type zebrafish or cell line.
A cytotoxic assay has been established from infected target cells and head kidney
lymphocytes of the same cell type. In this study, we did not get good data from flow
cytometry, casein release, and cell imaging methods. The live fluorescence cell counting
method gave no significant difference of the cytotoxicity after target cells were incubated
with effector cell from non-vaccinated or vaccinated fish. However, the highest
cytotoxicity was observed in infected target cells incubated with the effector cells from
vaccinated group in both types of fish (40.5% and 49.8% in Rag1 mutant and wild-type,
respectively). The percentages of dead cells are high in non-infected and infected cells,
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and the difference in killing of the two types of target cells was not significant. The
cytotoxicity was different in the target cells that were not incubated with effector cells (p
< 0.01). The vaccine associated increase in cytotoxic cell activity suggest that NK and
CTL responses may be important in the observed developed protection, but the assays
still need optimization. With our defined system, it may be possible to pool tissues from
different in bred fish and then purify lymphocyte like cells so a higher density of
responsive effector cells can be added to the wells and differential cytotoxicity can better
evaluated.
In summary, this study helped define the role of lymphocyte based immunity in
novirhabdovirus diseases of fish and it improved the zebrafish models for studying
immune response to intracellular pathogens through the establishment of MHC matched
cell line and cytotoxic cell assays.

130

References
Aggad, D., Mazel, M., Boudinot, P., Mogensen, K. E., Hamming, O. J., Hartmann, R., . .
. Levraud, J. P. (2009). The two groups of zebrafish virus-induced interferons
signal via distinct receptors with specific and shared chains. J Immunol, 183(6),
3924-3931. doi: 10.4049/jimmunol.0901495
Ahmed, M., McKenzie, M. O., Puckett, S., Hojnacki, M., Poliquin, L., & Lyles, D. S.
(2003). Ability of the matrix protein of vesicular stomatitis virus to suppress beta
interferon gene expression is genetically correlated with the inhibition of host
RNA and protein synthesis. J Virol, 77(8), 4646-4657.
Ainsworth, A. J., Dexiang, C., Waterstrat, P. R., & Greenway, T. (1991). Effect of
temperature on the immune system of channel catfish (Ictalurus punctatus)--I.
Leucocyte distribution and phagocyte function in the anterior kidney at 10
degrees C. Comp Biochem Physiol A Comp Physiol, 100(4), 907-912.
Alexopoulou, L., Holt, A. C., Medzhitov, R., & Flavell, R. A. (2001). Recognition of
double-stranded RNA and activation of NF-kappaB by Toll-like receptor 3.
Nature, 413(6857), 732-738. doi: 10.1038/35099560
Alonso, M., Kim, C. H., Johnson, M. C., Pressley, M., & Leong, J. A. (2004). The NV
gene of snakehead rhabdovirus (SHRV) is not required for pathogenesis, and a
heterologous glycoprotein can be incorporated into the SHRV envelope. J Virol,
78(11), 5875-5882. doi: 10.1128/jvi.78.11.5875-5882.2004
Alter, G., Malenfant, J. M., & Altfeld, M. (2004). CD107a as a functional marker for the
identification of natural killer cell activity. J Immunol Methods, 294(1-2), 15-22.
doi: 10.1016/j.jim.2004.08.008
Alter, G., Malenfant, J. M., Delabre, R. M., Burgett, N. C., Yu, X. G., Lichterfeld, M., . .
. Altfeld, M. (2004). Increased natural killer cell activity in viremic HIV-1
infection. J Immunol, 173(8), 5305-5311.
Ammayappan, A., & Vakharia, V. N. (2011). Nonvirion protein of novirhabdovirus
suppresses apoptosis at the early stage of virus infection. J Virol, 85(16), 83938402. doi: JVI.00597-11 [pii] 10.1128/JVI.00597-11
Bearzotti, M., Delmas, B., Lamoureux, A., Loustau, A. M., Chilmonczyk, S., & Bremont,
M. (1999). Fish rhabdovirus cell entry is mediated by fibronectin. J Virol, 73(9),
7703-7709.
Bingulac-Popovic, J., Figueroa, F., Sato, A., Talbot, W. S., Johnson, S. L., Gates, M., . . .
Klein, J. (1997). Mapping of mhc class I and class II regions to different linkage
groups in the zebrafish, Danio rerio. Immunogenetics, 46(2), 129-134.
131

Bjorkman, P. J., Saper, M. A., Samraoui, B., Bennett, W. S., Strominger, J. L., & Wiley,
D. C. (1987). The foreign antigen binding site and T cell recognition regions of
class I histocompatibility antigens. Nature, 329(6139), 512-518. doi:
10.1038/329512a0
Black, B. L., & Lyles, D. S. (1992). Vesicular stomatitis virus matrix protein inhibits host
cell-directed transcription of target genes in vivo. J Virol, 66(7), 4058-4064.
Bly, J. E., & Clem, L. W. (1991). Temperature-mediated processes in teleost immunity:
in vitro immunosuppression induced by in vivo low temperature in channel
catfish. Vet Immunol Immunopathol, 28(3-4), 365-377.
Bosma, G. C., Custer, R. P., & Bosma, M. J. (1983). A severe combined
immunodeficiency mutation in the mouse. Nature, 301(5900), 527-530.
Bosma, M. J., & Carroll, A. M. (1991). The SCID mouse mutant: definition,
characterization, and potential uses. Annu Rev Immunol, 9, 323-350. doi:
10.1146/annurev.iy.09.040191.001543
Brown, K. H., Dobrinski, K. P., Lee, A. S., Gokcumen, O., Mills, R. E., Shi, X., . . . Lee,
C. (2012). Extensive genetic diversity and substructuring among zebrafish strains
revealed through copy number variant analysis. Proc Natl Acad Sci U S A, 109(2),
529-534. doi: 10.1073/pnas.1112163109
Bryceson, Y. T., & Long, E. O. (2008). Line of attack: NK cell specificity and integration
of signals. Curr Opin Immunol, 20(3), 344-352. doi: 10.1016/j.coi.2008.03.005
Buddington, R. K., & Krogdahl, A. (2004). Hormonal regulation of the fish
gastrointestinal tract. Comp Biochem Physiol A Mol Integr Physiol, 139(3), 261271. doi: 10.1016/j.cbpb.2004.09.007
Campbell, Kerry S., & Hasegawa, Jun. (2013). Natural killer cell biology: An update and
future directions. Journal of Allergy and Clinical Immunology, 132(3), 536-544.
doi: http://dx.doi.org/10.1016/j.jaci.2013.07.006
Cancro, M. P., & Smith, S. H. (2003). Peripheral B cell selection and homeostasis.
Immunol Res, 27(2-3), 141-148. doi: 10.1385/ir:27:2-3:141
CDC. (2007). Influenza Virus Microneutralization Assay. Influenza Division Immunology and Pathogenesis Branch.
Chan, L. L., Lai, N., Wang, E., Smith, T., Yang, X., & Lin, B. (2011). A rapid detection
method for apoptosis and necrosis measurement using the Cellometer imaging
cytometry. Apoptosis, 16(12), 1295-1303. doi: 10.1007/s10495-011-0651-8

132

Chan, Leo, Somanchi, Srinivas, Rosbach, Kelsey, & Lee, Dean. (2015). High-throughput
direct cell counting-based natural killer cell-mediated cytotoxicity assay using
Celigo Imaging Cytometry (TUM2P.1027). The Journal of Immunology, 194(1
Supplement), 69.24.
Chang, M., Nie, P., Collet, B., Secombes, C. J., & Zou, J. (2009). Identification of an
additional two-cysteine containing type I interferon in rainbow trout
Oncorhynchus mykiss provides evidence of a major gene duplication event within
this gene family in teleosts. Immunogenetics, 61(4), 315-325. doi:
10.1007/s00251-009-0366-y
Charoo, Samina Qadir; Salman Rauoof; Qureshi, T.A. (2014). Rainbowtrout
(Oncorhynchus mykiss). Journal of Science and Technology, 9(2), 29.
Chelbi-Alix, M. K., Vidy, A., El Bougrini, J., & Blondel, D. (2006). Rabies viral
mechanisms to escape the IFN system: the viral protein P interferes with IRF-3,
Stat1, and PML nuclear bodies. J Interferon Cytokine Res, 26(5), 271-280. doi:
10.1089/jir.2006.26.271
Chinchilla, B.; Encinas, P.; Estepa, A.; Coll, J.; Gomez-Casado, E. (2013). Trout
transcriptome induced by the non-virion (NV) protein of VHSV. Identification of
NV targets. Fish Shellfish Immunol, 34.
Chiou, P. P., Kim, C. H., Ormonde, P., & Leong, J. A. (2000). Infectious hematopoietic
necrosis virus matrix protein inhibits host-directed gene expression and induces
morphological changes of apoptosis in cell cultures. J Virol, 74(16), 7619-7627.
Choi, M. K., Moon, C. H., Ko, M. S., Lee, U. H., Cho, W. J., Cha, S. J., . . . Park, J. W.
(2011). A nuclear localization of the infectious haematopoietic necrosis virus NV
protein is necessary for optimal viral growth. PLoS One, 6(7), e22362. doi:
10.1371/journal.pone.0022362 PONE-D-11-01083 [pii]
Cholujova, D., Jakubikova, J., Kubes, M., Arendacka, B., Sapak, M., Ihnatko, R., &
Sedlak, J. (2008). Comparative study of four fluorescent probes for evaluation of
natural killer cell cytotoxicity assays. Immunobiology, 213(8), 629-640. doi:
10.1016/j.imbio.2008.02.006
Connor, M. A., Jaso-Friedmann, L., Leary, J. H., 3rd, & Evans, D. L. (2009). Role of
nonspecific cytotoxic cells in bacterial resistance: expression of a novel pattern
recognition receptor with antimicrobial activity. Mol Immunol, 46(5), 953-961.
doi: 10.1016/j.molimm.2008.09.025
Cuchens, Marvin A., & Clem, L. William. (1977). Phylogeny of lymphocyte
heterogeneity: II. Differential effects of temperature on fish T-like and B-like
cells. Cell Immunol, 34(2), 219-230. doi: http://dx.doi.org/10.1016/00088749(77)90245-3
133

Czitrom, A. A., Edwards, S., Phillips, R. A., Bosma, M. J., Marrack, P., & Kappler, J. W.
(1985). The function of antigen-presenting cells in mice with severe combined
immunodeficiency. J Immunol, 134(4), 2276-2280.
de Jong, J. L., Burns, C. E., Chen, A. T., Pugach, E., Mayhall, E. A., Smith, A. C., . . .
Zon, L. I. (2011). Characterization of immune-matched hematopoietic
transplantation in zebrafish. Blood, 117(16), 4234-4242. doi: 10.1182/blood2010-09-307488
de Jong, Jill L. O., & Zon, Leonard I. (2012). Histocompatibility and Hematopoietic
Transplantation in the Zebrafish. Advances in Hematology, 2012, 8. doi:
10.1155/2012/282318
Degli-Esposti, M. A., & Smyth, M. J. (2005). Close encounters of different kinds:
dendritic cells and NK cells take centre stage. Nat Rev Immunol, 5(2), 112-124.
doi: 10.1038/nri1549
Dexiang, C., & Ainsworth, A. J. (1991). Effect of temperature on the immune system of
channel catfish (Ictalurus punctatus)--II. Adaptation of anterior kidney phagocytes
to 10 degrees C. Comp Biochem Physiol A Comp Physiol, 100(4), 913-918.
Dharakul, T., Rott, L., & Greenberg, H. B. (1990). Recovery from chronic rotavirus
infection in mice with severe combined immunodeficiency: virus clearance
mediated by adoptive transfer of immune CD8+ T lymphocytes. J Virol, 64(9),
4375-4382.
Dijkstra, J. M., Fischer, U., Sawamoto, Y., Ototake, M., & Nakanishi, T. (2001).
Exogenous antigens and the stimulation of MHC class I restricted cell-mediated
cytotoxicity: possible strategies for fish vaccines. Fish Shellfish Immunol, 11(6),
437-458. doi: 10.1006/fsim.2001.0351
Dios, S., Romero, A., Chamorro, R., Figueras, A., & Novoa, B. (2010). Effect of the
temperature during antiviral immune response ontogeny in teleosts. Fish Shellfish
Immunol, 29(6), 1019-1027. doi: 10.1016/j.fsi.2010.08.006
Dirscherl, H., McConnell, S. C., Yoder, J. A., & de Jong, J. L. (2014). The MHC class I
genes of zebrafish. Dev Comp Immunol, 46(1), 11-23. doi:
10.1016/j.dci.2014.02.018
Dirscherl, H., & Yoder, J. A. (2015). A nonclassical MHC class I U lineage locus in
zebrafish with a null haplotypic variant. Immunogenetics, 67(9), 501-513. doi:
10.1007/s00251-015-0862-1
Dirscherl, Hayley, McConnell, Sean C., Yoder, Jeffrey A., & de Jong, Jill L. O. (2014).
The MHC class I genes of zebrafish. Dev Comp Immunol, 46(1), 11-23. doi:
10.1016/j.dci.2014.02.018
134

Dons'koi, B. V., Chernyshov, V. P., & Osypchuk, D. V. (2011). Measurement of NK
activity in whole blood by the CD69 up-regulation after co-incubation with K562,
comparison with NK cytotoxicity assays and CD107a degranulation assay. J
Immunol Methods, 372(1-2), 187-195. doi: 10.1016/j.jim.2011.07.016
Doody, G. M., Stephenson, S., & Tooze, R. M. (2006). BLIMP-1 is a target of cellular
stress and downstream of the unfolded protein response. Eur J Immunol, 36(6),
1572-1582. doi: 10.1002/eji.200535646
Fauriat, C., Long, E. O., Ljunggren, H. G., & Bryceson, Y. T. (2010). Regulation of
human NK-cell cytokine and chemokine production by target cell recognition.
Blood, 115(11), 2167-2176. doi: 10.1182/blood-2009-08-238469
Fernandez-Trujillo, A., Ferro, P., Garcia-Rosado, E., Infante, C., Alonso, M. C., Bejar, J.,
. . . Manchado, M. (2008). Poly I:C induces Mx transcription and promotes an
antiviral state against sole aquabirnavirus in the flatfish Senegalese sole (Solea
senegalensis Kaup). Fish Shellfish Immunol, 24(3), 279-285. doi:
10.1016/j.fsi.2007.11.008
Fields, Peter A. (2001). Review: Protein function at thermal extremes: balancing stability
and flexibility. Comparative Biochemistry and Physiology Part A: Molecular &
Integrative Physiology, 129(2–3), 417-431. doi: http://dx.doi.org/10.1016/S10956433(00)00359-7
Fischer, U., Ototake, M., & Nakanishi, T. (1998). In vitro cell-mediated cytotoxicity
against allogeneic erythrocytes in ginbuna crucian carp and goldfish using a nonradioactive assay. Dev Comp Immunol, 22(2), 195-206.
Fischer, U., Utke, K., Ototake, M., Dijkstra, J. M., & Kollner, B. (2003). Adaptive cellmediated cytotoxicity against allogeneic targets by CD8-positive lymphocytes of
rainbow trout (Oncorhynchus mykiss). Dev Comp Immunol, 27(4), 323-337.
Garcia, J. F., Roncador, G., Garcia, J. F., Sanz, A. I., Maestre, L., Lucas, E., . . . Piris, M.
A. (2006). PRDM1/BLIMP-1 expression in multiple B and T-cell lymphoma.
Haematologica, 91(4), 467-474.
Gibson, S. J., Lindh, J. M., Riter, T. R., Gleason, R. M., Rogers, L. M., Fuller, A. E., . . .
Vasilakos, J. P. (2002). Plasmacytoid dendritic cells produce cytokines and
mature in response to the TLR7 agonists, imiquimod and resiquimod. Cell
Immunol, 218(1-2), 74-86.
Gong, Y. F., Xiang, L. X., & Shao, J. Z. (2009). CD154-CD40 interactions are essential
for thymus-dependent antibody production in zebrafish: insights into the origin of
costimulatory pathway in helper T cell-regulated adaptive immunity in early
vertebrates. J Immunol, 182(12), 7749-7762. doi: 10.4049/jimmunol.0804370
135

Gray, D., Siepmann, K., van Essen, D., Poudrier, J., Wykes, M., Jainandunsing, S., . . .
Dullforce, P. (1996). B-T lymphocyte interactions in the generation and survival
of memory cells. Immunol Rev, 150, 45-61.
Gyory, Ildiko, Wu, Jian, Fejer, Gyorgy, Seto, Edward, & Wright, Kenneth L. (2004).
PRDI-BF1 recruits the histone H3 methyltransferase G9a in transcriptional
silencing. Nat Immunol, 5(3), 299-308.
Haller, O., Arnheiter, H., Lindenmann, J., & Gresser, I. (1980). Host gene influences
sensitivity to interferon action selectively for influenza virus. Nature, 283(5748),
660-662.
Haller, Otto, Staeheli, Peter, & Kochs, Georg. (2007). Interferon-induced Mx proteins in
antiviral host defense. Biochimie, 89(6–7), 812-818. doi:
http://dx.doi.org/10.1016/j.biochi.2007.04.015
Hasegawa, Satoshi, Nakayasu, Chihaya, Yoshitomi, Tomoyasu, Nakanishi, Teruyuki, &
Okamoto, Nobuaki. (1998). Specific cell-mediated cytotoxicity against an
allogeneic target cell line in isogeneic ginbuna crucian carp. Fish Shellfish
Immunol, 8(4), 303-313. doi: http://dx.doi.org/10.1006/fsim.1998.0138
Hemmi, H., Kaisho, T., Takeuchi, O., Sato, S., Sanjo, H., Hoshino, K., . . . Akira, S.
(2002). Small anti-viral compounds activate immune cells via the TLR7 MyD88dependent signaling pathway. Nat Immunol, 3(2), 196-200. doi: 10.1038/ni758
Hilleman, M. R. (2004). Strategies and mechanisms for host and pathogen survival in
acute and persistent viral infections. Proc Natl Acad Sci U S A, 101 Suppl 2,
14560-14566. doi: 10.1073/pnas.0404758101
Hogan, R. J., Stuge, T. B., Clem, L. W., Miller, N. W., & Chinchar, V. G. (1996). Antiviral cytotoxic cells in the channel catfish (Ictalurus punctatus). Dev Comp
Immunol, 20(2), 115-127.
Hohn, C., & Petrie-Hanson, L. (2012). Rag1-/- mutant zebrafish demonstrate specific
protection following bacterial re-exposure. PLoS One, 7(9), e44451. doi:
10.1371/journal.pone.0044451
Hopkinson, K., Williams, E. A., Fairburn, B., Forster, S., Flower, D. J., Saxton, J. M., &
Pockley, A. G. (2007). A MitoTracker Green-based flow cytometric assay for
natural killer cell activity: variability, the influence of platelets and a comparison
of analytical approaches. Exp Hematol, 35(3), 350-357. doi:
10.1016/j.exphem.2006.12.001
Hoppner, M., Luhm, J., Schlenke, P., Koritke, P., & Frohn, C. (2002). A flow-cytometry
based cytotoxicity assay using stained effector cells in combination with native
target cells. J Immunol Methods, 267(2), 157-163.
136

Horton, R., Wilming, L., Rand, V., Lovering, R. C., Bruford, E. A., Khodiyar, V. K., . . .
Beck, S. (2004). Gene map of the extended human MHC. Nat Rev Genet, 5(12),
889-899. doi: 10.1038/nrg1489
Hrubec, T. C., Ward, D., Smith, S. A., & Robertson, J. L. (2004). Age related changes in
humoral immune response of hybrid striped bass (Morone chrysops x Morone
saxatilis). Vet Immunol Immunopathol, 101(1-2), 103-108. doi:
10.1016/j.vetimm.2004.04.020
Huang, J., Guo, X., Fan, N., Song, J., Zhao, B., Ouyang, Z., . . . Lai, L. (2014). RAG1/2
knockout pigs with severe combined immunodeficiency. J Immunol, 193(3),
1496-1503. doi: 10.4049/jimmunol.1400915
Huneycutt, B. S., Plakhov, I. V., Shusterman, Z., Bartido, S. M., Huang, A., Reiss, C. S.,
& Aoki, C. (1994). Distribution of vesicular stomatitis virus proteins in the brains
of BALB/c mice following intranasal inoculation: an immunohistochemical
analysis. Brain Res, 635(1-2), 81-95.
Iwanowicz, L. R., Densmore, C. L., & Ottinger, C. A. (2004). Calcein AM release-based
cytotoxic cell assay for fish leucocytes. Fish Shellfish Immunol, 16(2), 127-137.
doi: 10.1016/s1050-4648(03)00056-1
Jang, Y. Y., Cho, D., Kim, S. K., Shin, D. J., Park, M. H., Lee, J. J., . . . Ryang, D. W.
(2012). An improved flow cytometry-based natural killer cytotoxicity assay
involving calcein AM staining of effector cells. Ann Clin Lab Sci, 42(1), 42-49.
Jaso-Friedmann, L., Ruiz, J., Bishop, G. R., & Evans, D. L. (2000). Regulation of innate
immunity in tilapia: activation of nonspecific cytotoxic cells by cytokine-like
factors. Dev Comp Immunol, 24(1), 25-36.
Jensen, I., Albuquerque, A., Sommer, A. I., & Robertsen, B. (2002). Effect of poly I:C on
the expression of Mx proteins and resistance against infection by infectious
salmon anaemia virus in Atlantic salmon. Fish Shellfish Immunol, 13(4), 311-326.
Kane, K. L., Ashton, F. A., Schmitz, J. L., & Folds, J. D. (1996). Determination of
natural killer cell function by flow cytometry. Clin Diagn Lab Immunol, 3(3),
295-300.
Kato, H., Takeuchi, O., Sato, S., Yoneyama, M., Yamamoto, M., Matsui, K., . . . Akira,
S. (2006). Differential roles of MDA5 and RIG-I helicases in the recognition of
RNA viruses. Nature, 441(7089), 101-105. doi: 10.1038/nature04734
Kiessling, R., Klein, E., & Wigzell, H. (1975). "Natural" killer cells in the mouse. I.
Cytotoxic cells with specificity for mouse Moloney leukemia cells. Specificity
and distribution according to genotype. Eur J Immunol, 5(2), 112-117. doi:
10.1002/eji.1830050208
137

Kim, G. G., Donnenberg, V. S., Donnenberg, A. D., Gooding, W., & Whiteside, T. L.
(2007). A novel multiparametric flow cytometry-based cytotoxicity assay
simultaneously immunophenotypes effector cells: comparisons to a 4 h 51Crrelease assay. J Immunol Methods, 325(1-2), 51-66. doi:
10.1016/j.jim.2007.05.013
Kochs, G., & Haller, O. (1999a). GTP-bound human MxA protein interacts with the
nucleocapsids of Thogoto virus (Orthomyxoviridae). J Biol Chem, 274(7), 43704376.
Kochs, G., & Haller, O. (1999b). Interferon-induced human MxA GTPase blocks nuclear
import of Thogoto virus nucleocapsids. Proc Natl Acad Sci U S A, 96(5), 20822086.
Krzewski, K., & Coligan, J. E. (2012). Human NK cell lytic granules and regulation of
their exocytosis. Front Immunol, 3, 335. doi: 10.3389/fimmu.2012.00335
Kurata, Osamu, Okamoto, Nobuaki, Suzumura, Eri, Sano, Natsumi, & Ikeda, Yayoi.
(1995). Accommodation of carp natural killer-like cells to environmental
temperatures. Aquaculture, 129(1–4), 421-424. doi:
http://dx.doi.org/10.1016/0044-8486(94)00282-S
Kurath, G. and Winton, J. (2008). Fish Rhabdoviruses Encyclopedia of Virology, B. M.
J. Mahy, van Regenmortel, M.H.V (Ed.) (pp. 221-117).
Lam, S.H., Chua, H.L., Gong, Z., Lam, T.J., & Sin, Y.M. (2004). Development and
maturation of the immune system in zebrafish, Danio rerio: a gene expression
profiling, in situ hybridization and immunological study. Dev Comp Immunol, 28,
9-28.
Lane, P., Traunecker, A., Hubele, S., Inui, S., Lanzavecchia, A., & Gray, D. (1992).
Activated human T cells express a ligand for the human B cell-associated antigen
CD40 which participates in T cell-dependent activation of B lymphocytes. Eur J
Immunol, 22(10), 2573-2578. doi: 10.1002/eji.1830221016
Lauzon, R. J., Siminovitch, K. A., Fulop, G. M., Phillips, R. A., & Roder, J. C. (1986).
An expanded population of natural killer cells in mice with severe combined
immunodeficiency (SCID) lack rearrangement and expression of T cell receptor
genes. J Exp Med, 164(5), 1797-1802.
Le Morvan, C., Deschaux, P., & Troutaud, D. (1996). Effects and mechanisms of
environmental temperature on carp (Cyprinus carpio) anti-DNP antibody response
and non-specific cytotoxic cell activity: a kinetic study. Dev Comp Immunol,
20(5), 331-340.

138

Le Morvan, C., Troutaud, D., & Deschaux, P. (1998). Differential effects of temperature
on specific and nonspecific immune defences in fish. J Exp Biol, 201(Pt 2), 165168.
Le Morvan-Rocher, C., Troutaud, D., & Deschaux, P. (1995). Effects of temperature on
carp leukocyte mitogen-induced proliferation and nonspecific cytotoxic activity.
Dev Comp Immunol, 19(1), 87-95.
Leh, Chang, Gusewitch, Gary A., Chritton, Douglas B. W., Folz, Judith C., Lebeck,
Lauralynn K., & Nehlsen-Cannarella, Sandra L. (1993). Rapid flow cytometric
assay for the assessment of natural killer cell activity. Journal of Immunological
Methods, 166(1), 45-54. doi: http://dx.doi.org/10.1016/0022-1759(93)90327-4
Li, R. W., & Waldbieser, G. C. (2006). Genomic organisation and expression of the
natural killer cell enhancing factor (NKEF) gene in channel catfish, Ictalurus
punctatus (Rafinesque). Fish Shellfish Immunol, 20(1), 72-82. doi:
10.1016/j.fsi.2005.04.002
Lin, K. I., Lin, Y., & Calame, K. (2000). Repression of c-myc is necessary but not
sufficient for terminal differentiation of B lymphocytes in vitro. Mol Cell Biol,
20(23), 8684-8695.
Ljunggren, Hans-Gustaf, & Kärre, Klas. (1990). In search of the ‘missing self’: MHC
molecules and NK cell recognition. Immunology Today, 11, 237-244. doi:
http://dx.doi.org/10.1016/0167-5699(90)90097-S
Lorenzen, N., Lorenzen, E., Einer-Jensen, K., Heppell, J., Wu, T., & Davis, H. (1998).
Protective immunity to VHS in rainbow trout (Oncorhynchus mykiss, Walbaum)
following DNA vaccination. Fish Shellfish Immunol, 8(4), 261-270. doi:
http://dx.doi.org/10.1006/fsim.1997.0134
Lu, M. W., Chao, Y. M., Guo, T. C., Santi, N., Evensen, O., Kasani, S. K., . . . Wu, J. L.
(2008). The interferon response is involved in nervous necrosis virus acute and
persistent infection in zebrafish infection model. Mol Immunol, 45(4), 1146-1152.
doi: S0161-5890(07)00645-1 [pii] 10.1016/j.molimm.2007.07.018
Maget-Dana, R. (1999). The monolayer technique: a potent tool for studying the
interfacial properties of antimicrobial and membrane-lytic peptides and their
interactions with lipid membranes. Biochim Biophys Acta, 1462(1-2), 109-140.
Magnadóttir, Bergljót, Jónsdóttir, Halla, Helgason, Sigurður, Björnsson, Björn,
Jørgensen, Trond Ø, & Pilström, Lars. (1999). Humoral immune parameters in
Atlantic cod (Gadus morhua L.): I. The effects of environmental temperature.
Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular
Biology, 122(2), 173-180. doi: http://dx.doi.org/10.1016/S0305-0491(98)10156-6
139

Mayer, Gene. Immunology - Chapter one. Innate (non-specific) immunity from
University of South Carolina School of Medicine
McConnell, S. C., Restaino, A. C., & de Jong, J. L. (2014). Multiple divergent haplotypes
express completely distinct sets of class I MHC genes in zebrafish.
Immunogenetics, 66(3), 199-213. doi: 10.1007/s00251-013-0749-y
Mhatre, S., Madkaikar, M., Ghosh, K., Desai, M., Pujari, V., & Gupta, M. (2014). Rapid
flow cytometry based cytotoxicity assay for evaluation of NK cell function.
Indian J Exp Biol, 52(10), 983-988.
Miller, N. W., & Clem, L. W. (1984). Temperature-mediated processes in teleost
immunity: differential effects of temperature on catfish in vitro antibody
responses to thymus-dependent and thymus-independent antigens. J Immunol,
133(5), 2356-2359.
Minagawa, H., Sakuma, S., Mohri, S., Mori, R., & Watanabe, T. (1988). Herpes simplex
virus type 1 infection in mice with severe combined immunodeficiency (SCID).
Arch Virol, 103(1-2), 73-82.
Mombaerts, P., Iacomini, J., Johnson, R. S., Herrup, K., Tonegawa, S., & Papaioannou,
V. E. (1992). RAG-1-deficient mice have no mature B and T lymphocytes. Cell,
68(5), 869-877.
Montoya, C. J., Velilla, P. A., Chougnet, C., Landay, A. L., & Rugeles, M. T. (2006).
Increased IFN-gamma production by NK and CD3+/CD56+ cells in sexually
HIV-1-exposed but uninfected individuals. Clin Immunol, 120(2), 138-146. doi:
10.1016/j.clim.2006.02.008
Moss, L. D., Monette, M. M., Jaso-Friedmann, L., Leary, J. H., 3rd, Dougan, S. T.,
Krunkosky, T., & Evans, D. L. (2009). Identification of phagocytic cells, NK-like
cytotoxic cell activity and the production of cellular exudates in the coelomic
cavity of adult zebrafish. Dev Comp Immunol, 33(10), 1077-1087. doi:
10.1016/j.dci.2009.05.009
Motzer, S. A., Tsuji, J., Hertig, V., Johnston, S. K., & Scanlan, J. (2003). Natural killer
cell cytotoxicity: a methods analysis of 51chromium release versus flow
cytometry. Biol Res Nurs, 5(2), 142-152.
Mourich, D. V., Hansen, J., & Leong, J. (1995). Natural killer cell enhancement factorlike gene in rainbow trout (Oncorhynchus mykiss). Immunogenetics, 42(5), 438439.
Murray P.R., Kobayashi G.S., Pfaller M.A., Rosenthal K.S. (1994). Medical
Microbiology. (2nd ed. ), 58-76.

140

Nakanishi, T., Fischer, U., Dijkstra, J. M., Hasegawa, S., Somamoto, T., Okamoto, N., &
Ototake, M. (2002). Cytotoxic T cell function in fish. Developmental &
Comparative Immunology, 26(2), 131-139. doi: http://dx.doi.org/10.1016/S0145305X(01)00055-6
Nelson, F. K., Greiner, D. L., Shultz, L. D., & Rajan, T. V. (1991). The immunodeficient
scid mouse as a model for human lymphatic filariasis. J Exp Med, 173(3), 659663.
Neri, S., Mariani, E., Meneghetti, A., Cattini, L., & Facchini, A. (2001). Calceinacetyoxymethyl cytotoxicity assay: standardization of a method allowing
additional analyses on recovered effector cells and supernatants. Clin Diagn Lab
Immunol, 8(6), 1131-1135. doi: 10.1128/cdli.8.6.1131-1135.2001
Noelle, R. J., Roy, M., Shepherd, D. M., Stamenkovic, I., Ledbetter, J. A., & Aruffo, A.
(1992). A 39-kDa protein on activated helper T cells binds CD40 and transduces
the signal for cognate activation of B cells. Proc Natl Acad Sci U S A, 89(14),
6550-6554.
Novoa, B., Romero, A., Mulero, V., Rodriguez, I., Fernandez, I., & Figueras, A. (2006).
Zebrafish (Danio rerio) as a model for the study of vaccination against viral
haemorrhagic septicemia virus (VHSV). Vaccine, 24(31-32), 5806-5816. doi:
S0264-410X(06)00542-1 [pii] 10.1016/j.vaccine.2006.05.015
O'Leary, J, Mahmoud, G, Drayton, D, & Andrian, Uv. (2006). T cell- and B cellindependent adaptive immunity mediated by natural killer cells. Nat Immunol, 7,
507 - 516.
Page, D. M., Wittamer, V., Bertrand, J. Y., Lewis, K. L., Pratt, D. N., Delgado, N., . . .
Traver, D. (2013). An evolutionarily conserved program of B-cell development
and activation in zebrafish. Blood, 122(8), e1-11. doi: 10.1182/blood-2012-12471029
Palacios, R. (1982). Concanavalin A triggers T lymphocytes by directly interacting with
their receptors for activation. J Immunol, 128(1), 337-342.
Parham, Peter. (2005). The immune system (2nd ed.). New York: Garland Science.
Park, Ki-Hyun, Park, Hyesun, Kim, Myungshin, Kim, Yonggoo, Han, Kyungja, & Oh,
Eun-Jee. (2013). Evaluation of NK Cell Function by Flowcytometric
Measurement and Impedance Based Assay Using Real-Time Cell Electronic
Sensing System. BioMed Research International, 2013, 10. doi:
10.1155/2013/210726
Paust, S., Senman, B., & von Andrian, U. H. (2010). Adaptive immune responses
mediated by natural killer cells. Immunol Rev, 235(1), 286-296. doi:
10.1111/j.0105-2896.2010.00906.x
141

Pearson, T., Greiner, D. L., & Shultz, L. D. (2008). Humanized SCID mouse models for
biomedical research. Curr Top Microbiol Immunol, 324, 25-51.
Petrie-Hanson, L., & Ainsworth, A. J. (2001a). Ontogeny of channel catfish lymphoid
organs. Veterinary Immunology and Immunopathology, 81(1-2), 113-127.
Petrie-Hanson, L., & Ainsworth, A. J. (2001b). Ontogeny of channel catfish lymphoid
organs. Vet Immunol Immunopathol, 81(1-2), 113-127.
Petrie-Hanson, L., & Ainsworth, A.J. (1999). Humoral immune responses of channel
catfish (Ictalurus punctatus) fry and fingerlings exposed to Edwardsiella ictaluri.
Fish and Shellfish Immunology, 9, 579-589.
Petrie-Hanson, L., Hohn, C., & Hanson, L. (2009a). Characterization of rag1 mutant
zebrafish leukocytes. BMC Immunol, 10(1), 8. doi: 1471-2172-10-8 [pii]
10.1186/1471-2172-10-8
Petrie-Hanson, L., Hohn, C., & Hanson, L. (2009b). Characterization of rag1 mutant
zebrafish leukocytes. BMC Immunol, 10, 8. doi: 10.1186/1471-2172-10-8
Petrie-Hanson, Lora, Hohn, Claudia, & Hanson, Larry. (2009). Characterization of rag1
mutant zebrafish leukocytes. BMC Immunology, 10(1), 8.
Pfaffl, Michael W. (2001). A new mathematical model for relative quantification in realtime RT–PCR. Nucleic Acids Research, 29(9), e45-e45.
Phelan, P. E., Pressley, M. E., Witten, P. E., Mellon, M. T., Blake, S., & Kim, C. H.
(2005). Characterization of snakehead rhabdovirus infection in zebrafish (Danio
rerio). J Virol, 79(3), 1842-1852. doi: 79/3/1842 [pii] 10.1128/JVI.79.3.18421852.2005
Purcell, M. K., Laing, K. J., & Winton, J. R. (2012). Immunity to fish rhabdoviruses.
Viruses, 4(1), 140-166. doi: 10.3390/v4010140 viruses-04-00140 [pii]
Quesenberry, M. S., Ahmed, H., Elola, M. T., O'Leary, N., & Vasta, G. R. (2003).
Diverse lectin repertoires in tunicates mediate broad recognition and effector
innate immune responses. Integr Comp Biol, 43(2), 323-330. doi:
10.1093/icb/43.2.323
Radcliff, G., Waite, R., LeFevre, J., Poulik, M. D., & Callewaert, D. M. (1991).
Quantification of effector/target conjugation involving natural killer (NK) or
lymphokine activated killer (LAK) cells by two-color flow cytometry. J Immunol
Methods, 139(2), 281-292.
Reed, L.J., & Muench, H. (1938). A SIMPLE METHOD OF ESTIMATING FIFTY PER
CENT ENDPOINTS. American Journal of Epidemiology, 27(3), 493-497.
142

Reusch, J. A., Nawandar, D. M., Wright, K. L., Kenney, S. C., & Mertz, J. E. (2015).
Cellular differentiation regulator BLIMP1 induces Epstein-Barr virus lytic
reactivation in epithelial and B cells by activating transcription from both the R
and Z promoters. J Virol, 89(3), 1731-1743. doi: 10.1128/jvi.02781-14
Saint-Jean, S. R., & Perez-Prieto, S. I. (2007). Effects of salmonid fish viruses on Mx
gene expression and resistance to single or dual viral infections. Fish Shellfish
Immunol, 23(2), 390-400. doi: 10.1016/j.fsi.2006.11.012
Schroder, K., Hertzog, P. J., Ravasi, T., & Hume, D. A. (2004). Interferon-gamma: an
overview of signals, mechanisms and functions. J Leukoc Biol, 75(2), 163-189.
doi: 10.1189/jlb.0603252
Schutze, H., Enzmann, P. J., Kuchling, R., Mundt, E., Niemann, H., & Mettenleiter, T. C.
(1995). Complete genomic sequence of the fish rhabdovirus infectious
haematopoietic necrosis virus. J Gen Virol, 76 ( Pt 10), 2519-2527.
Shapiro-Shelef, M., Lin, K. I., McHeyzer-Williams, L. J., Liao, J., McHeyzer-Williams,
M. G., & Calame, K. (2003). Blimp-1 is required for the formation of
immunoglobulin secreting plasma cells and pre-plasma memory B cells.
Immunity, 19(4), 607-620.
Sharon, N., & Lis, H. (1989). Lectins as cell recognition molecules. Science, 246(4927),
227-234.
Shiina, T., Hosomichi, K., Inoko, H., & Kulski, J. K. (2009). The HLA genomic loci
map: expression, interaction, diversity and disease. J Hum Genet, 54(1), 15-39.
doi: 10.1038/jhg.2008.5
Somamoto, Tomonori, Nakanishi, Teruyuki, & Okamoto, Nobuaki. (2002). Role of
Specific Cell-Mediated Cytotoxicity in Protecting Fish from Viral Infections.
Virology, 297(1), 120-127. doi: http://dx.doi.org/10.1006/viro.2002.1486
Somanchi, S. S., McCulley, K. J., Somanchi, A., Chan, L. L., & Lee, D. A. (2015). A
Novel Method for Assessment of Natural Killer Cell Cytotoxicity Using Image
Cytometry. PLoS One, 10(10), e0141074. doi: 10.1371/journal.pone.0141074
Somero, George N. (2004). Adaptation of enzymes to temperature: searching for basic
“strategies”. Comparative Biochemistry and Physiology Part B: Biochemistry and
Molecular Biology, 139(3), 321-333. doi:
http://dx.doi.org/10.1016/j.cbpc.2004.05.003
Son, B. K., Roberts, R. L., Ank, B. J., & Stiehm, E. R. (1996). Effects of anticoagulant,
serum, and temperature on the natural killer activity of human peripheral blood
mononuclear cells stored overnight. Clin Diagn Lab Immunol, 3(3), 260-264.

143

Stuge, T. B., Miller, N. W., & Clem, L. W. (1995). Channel catfish cytotoxic effector
cells from peripheral blood and pronephroi are different. Fish Shellfish Immunol,
5(6), 469-471. doi: http://dx.doi.org/10.1006/fsim.1995.0044
Sullivan, C., & Kim, C. H. (2008). Zebrafish as a model for infectious disease and
immune function. Fish Shellfish Immunol, 25(4), 341-350. doi: S10504648(08)00131-9 [pii] 10.1016/j.fsi.2008.05.005
Sultmann, H., Murray, B. W., & Klein, J. (2000). Identification of seven genes in the
major histocompatibility complex class I region of the zebrafish. Scand J
Immunol, 51(6), 577-585.
Sun, B., Robertsen, B., Wang, Z., & Liu, B. (2009). Identification of an Atlantic salmon
IFN multigene cluster encoding three IFN subtypes with very different expression
properties. Dev Comp Immunol, 33(4), 547-558. doi: 10.1016/j.dci.2008.10.001
Sun, J. C., Beilke, J. N., & Lanier, L. L. (2009). Adaptive immune features of natural
killer cells. Nature, 457(7229), 557-561. doi: 10.1038/nature07665
Sun, J. C., Lopez-Verges, S., Kim, C. C., DeRisi, J. L., & Lanier, L. L. (2011). NK cells
and immune "memory". J Immunol, 186(4), 1891-1897. doi:
10.4049/jimmunol.1003035
Sy, M. S., Tsurufuji, M., Finberg, R., & Benacerraf, B. (1983). Effect of vesicular
stomatitis virus (VSV) infection on the development and regulation of T cellmediated immune responses. J Immunol, 131(1), 30-36.
Takami, I., Kwon, S. R., Nishizawa, T., & Yoshimizu, M. (2010). Protection of Japanese
flounder Paralichthys olivaceus from viral hemorrhagic septicemia (VHS) by
Poly(I:C) immunization. Dis Aquat Organ, 89(2), 109-115. doi:
10.3354/dao02185
Takano, T., Iwahori, A., Hirono, I., & Aoki, T. (2004). Development of a DNA vaccine
against hirame rhabdovirus and analysis of the expression of immune-related
genes after vaccination. Fish Shellfish Immunol, 17(4), 367-374. doi:
10.1016/j.fsi.2004.04.012
Thorsby, E. (2009). A short history of HLA. Tissue Antigens, 74(2), 101-116. doi:
10.1111/j.1399-0039.2009.01291.x
Trede, N. S., Langenau, D. M., Traver, D., Look, A. T., & Zon, L. I. (2004). The use of
zebrafish to understand immunity. Immunity, 20(4), 367-379.
Trede, NS, Langenau, DM, Traver, D, Look, AT, & Zon, LI. (2004). The use of zebrafish
to understand immunology. Immunity, 20, 367 - 379.

144

Trowsdale, J., & Knight, J. C. (2013). Major histocompatibility complex genomics and
human disease. Annu Rev Genomics Hum Genet, 14, 301-323. doi:
10.1146/annurev-genom-091212-153455
Turner, C. A., Jr., Mack, D. H., & Davis, M. M. (1994). Blimp-1, a novel zinc fingercontaining protein that can drive the maturation of B lymphocytes into
immunoglobulin-secreting cells. Cell, 77(2), 297-306.
Utke, Katrin, Bergmann, Sven, Lorenzen, Niels, Köllner, Bernd, Ototake, Mitsuru, &
Fischer, Uwe. (2007). Cell-mediated cytotoxicity in rainbow trout, Oncorhynchus
mykiss, infected with viral haemorrhagic septicaemia virus. Fish Shellfish
Immunol, 22(3), 182-196. doi: http://dx.doi.org/10.1016/j.fsi.2006.04.008
van Kooten, C., & Banchereau, J. (2000). CD40-CD40 ligand. J Leukoc Biol, 67(1), 2-17.
Vidy, A., El Bougrini, J., Chelbi-Alix, M. K., & Blondel, D. (2007). The
nucleocytoplasmic rabies virus P protein counteracts interferon signaling by
inhibiting both nuclear accumulation and DNA binding of STAT1. J Virol, 81(8),
4255-4263. doi: 10.1128/JVI.01930-06
Vojtech, L. N., Sanders, G. E., Conway, C., Ostland, V., & Hansen, J. D. (2009). Host
immune response and acute disease in a zebrafish model of Francisella
pathogenesis. Infect Immun, 77(2), 914-925. doi: 10.1128/IAI.01201-08
Wang, R., Jaw, J. J., Stutzman, N. C., Zou, Z., & Sun, P. D. (2012). Natural killer cellproduced IFN-gamma and TNF-alpha induce target cell cytolysis through upregulation of ICAM-1. J Leukoc Biol, 91(2), 299-309. doi: 10.1189/jlb.0611308
Wienholds, E., Schulte-Merker, S., Walderich, B., & Plasterk, R. H. (2002). Targetselected inactivation of the zebrafish rag1 gene. Science, 297(5578), 99-102.
Yoder, J. A., Nielsen, M. E., Amemiya, C. T., & Litman, G. W. (2002). Zebrafish as an
immunological model system. Microbes Infect, 4(14), 1469-1478.
Yoshinaga, Kiyoshi, Okamoto, Nobuaki, Kurata, Osamu, & Ikeda, Yayoi. (1994).
Individual Variations of Natural Killer Activity of Rainbow Trout Leucocytes
against IPN Virus-Infected and Uninfected RTG-2 Cells. Fish Pathology, 29(1),
1-4. doi: 10.3147/jsfp.29.1
Zaritskaya, Liubov, Shurin, Michael R., Sayers, Thomas J., & Malyguine, Anatoli M.
(2010). New flow cytometric assays for monitoring cell-mediated cytotoxicity.
Expert review of vaccines, 9(6), 601-616. doi: 10.1586/erv.10.49
Zou, J., Carrington, A., Collet, B., Dijkstra, J. M., Yoshiura, Y., Bols, N., & Secombes,
C. (2005). Identification and bioactivities of IFN-gamma in rainbow trout
Oncorhynchus mykiss: the first Th1-type cytokine characterized functionally in
fish. J Immunol, 175(4), 2484-2494.
145

